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PREFACE 

The object of the present little volume is to reproduce 
in connected form, an account of the many interesting 
phenomena associated with liquid drops and globules. 
Much of the matter relates to experiments devised by 
the author during the past four years, descriptions of 
which have appeared in the Proceedings of the Physical 
Society ; in the columns of Nature and Knowledge ; 
and elsewhere. The exhibition of these experiments 
at the conversazioni of the Royal Society and the 
Royal Institution, and in the author's lectures, has 
evoked such interest as to suggest the present publi- 
cation. It may be added that all the experiments 
described may be repeated by any intelligent reader 
at a trifling cost, no special manipulative skill being 
required. 

The context maintains the form of the lectures 
delivered on this subject by the author at various 
places, and the method of presentation is such as may 
be followed by those who have not received a training 
in this branch of science. It is hoped, in addition, 



that tbe book may prove of some service to teachers 
of ftdeoce aod others intere^ted in the prv^^rties of 

A nomber of the illostratioas used have af^ieaied in 
tbe pages of Knotcledge in connexion with the anthor*s 
articles, and are hoe lepvodnoed by conrtesy of the 
Editor. Other drawings have been provided by ALr. 
W. Xarbeth, to whcMn the author expresses his thanks. 

CHAS. R. DARUXG. 
Cmr AWD Gm-DS Tibchsicxl Coli«boe. 

FiNSBURY, 1914, 
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LIQUID DROPS AND GLOBULES 

LECTURE I 

Introduction. — In choosing a subject for a scientific 
discourse, it would be diflScult to find anything more 
familiar than a drop of liquid. It might even appear, 
at first sight, that such a subject in itself would be 
quite inadequate to furnish suflScient material for 
extended observation. We shall find, however, that 
the closer study of a drop of liquid brings into view 
many interesting phenomena, and provides problems 
of great profundity. A drop of liquid is one of the 
commonest things in nature ; yet it is one of the most 
wonderful. 

Apart from the liquids associated with animal or 
vegetable life, water and petroleum are the only two 
which are f oimd in abimdance on the earth ; and it is 
highly probable that petroleum has been derived from 
the remains of vegetable life. Many liquids are 
fabricated by living organisms, such as turpentine, 
alcohol, olive oU, castor oU, and aU the numerous 
vegetable oils with which we are aU familiar. But in 
addition to these, there are many liquids produced in 
the laboratory of the chemist, many of which aj:e of 
great importance ; for example, nitric acid, sulphuric 
acid, and aniline. The progress of chemigal scienoo 
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has greatly enlarged the number of Uquids available, 
and in our experiments we shall frequently utilize these 
products of the chemist's skill, for they often possess 
properties not usually associated with the commoner 
liquids. 

General Properties of Liquids. — No scientific 
study can be pursued to advantage unless the under- 
lying principles be understood ; and hence it will be 
necessary, in the beginning, to refer to certain pro- 
perties possessed by all liquids, whatever their origin. 
The most prominent characteristic of a liquid is mobility, 
or freedom of movement of its parts. It is owing to this 
property that a liquid, when placed in a vessel, flows 
in all directions until it reaches the sides ; and it is 
this same freedom of movement which enables water, 
gathering on the hills, to flow under the pull of gravita- 
tion into the lowlands, and finally to the sea. If we 
drop a small quantity of a strongly-coloured fluid — 
such as ink — ^into a large volume of water, and stir 
the mixture for a short time, the colour is evenly dis- 
tributed throughout the whole mass of water, because 
the freedom of movement of the particles enables the 
different portions to intermingle readily. This property 
of mobility distinguishes a liquid from a solid ; for a 
solid maintains its own shape, and its separate parts 
cannot be made to mix freely. Mobility, however, is 
not possessed in equal degree by all liquids. Petrol, 
for example, flows more freely than water, which in 
turn is more mobile than glycerine or treacle. Some- 
times a substance exhibits properties intermediate 
between those of a solid and a liquid, as, for instance, 
butter in hot weather. We shall not be concerned, 
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however, with these border-line substances, but shaJl 
confine our attention to well-defined liquids. 

There is another feature, however, common to all 
liquids, which has a most important bearing on our 
subject. Every liquid is capable of forming a boun- 
dary surface of its own ; and this surface has the pro- 
perties of a stretched, elastic membrane. Herein a 
liquid differs from a gas or vapour, either of which 
always completely fills the containing vessel. You 
cannot ho^ve a bottle half full of a vapour or gas only ; 
if one-half of that already present be withdrawn, the 
remaining half immediately expands and distributes 
itself evenly throughout the bottle, which is thus 
always filled. But a liquid may be poured to any 
height in a vessel, because it forms its own boundaiy 
at the top. Let us now take a dish containing the 
commonest of all liquids, and in many ways the most 
remarkable — water— and examine some of the pro- 
perties of the upper surface. 

Properties of the Surface Skin of Water.— Here 
is a flat piece of thin sheet silver, which, volume for 
volume, is 10 J times as heavy as water, in which it 
might therefore be expected to sink if placed upon the 
surface. I lower it gently, by means of a piece of 
cotton, until it just reaches the top, and then let go the 
cotton. Instead of sinking, the piece of silver floats 
on the surface ; and moreover, a certain amount of 
pressure may be applied to it without causing it to fall 
to the bottom of the water. By alternately applying 
and relaxing the pressure we are able, within small 
limits, to make the sheet of silver bob up and down 
as if it were a piece of cork. If we look closely, we 
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notice that the water beneath the silver is at a. lower 
level than the rest of the surface, the dimple thus 
formed being visible at the edge of the floating sheet 
(Fig. 1 ). If now I apply a greater pressure, the piece 
of silver breaks through the surface and sinks rapidly 
to the bottom of the vessel. Or, if instead I place a 
thick piece of silver, such as a shilling, on the surface 
of the water, we find that this will not float, but sinks 
immediately. All these results are in agreement with 
the supposition that the surface layer of water possesses 
the properties of a very thin elastic sheet. If we 
could obtain an extremely fine sheet of stretched rubber, 




Fig. 1. — Silver sheet floating on water. 



which would merely form a depression under the 
weight of the thin piece of silver, but would break 
under the application of a further pressure or the weight 
of a heavier sheet, the condition of the water surface 
would then be realized. We may note in passing that 
a sheet of metal resting on the surface of water is a 
phenomenon quite distinct from the floating of an 
iron ship, or hollow metal vessel, which sinks imtil it 
has displaced an amount of water equal in weight to 
itself. 

We can now understand why a water-beetle is able 
to run across the surface of a pond, without wetting 
its legs or running any risk of sinking. Each of its 
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legs produces a dimple in the surface, but the pressure 
on any one leg is not sufficient to break through the 
skin. We can imitate this by bringing the point of a 
lead pencil gently to the surface of water, when a 
dimple is produced, but the skin is not actually pene- 
trated. On removing the pencil, the dimple imme- 
diately disappears, just as the depression caused by 
pushing the finger into a stretched sheet of india- 
rubber becomes straight immediately the finger is 
removed. 

Elastic Skin of other Liquids — Minimum 
Thermometer .^-The possession of an elastic skin 
at the surface is not confined to water, but is common 
to all liquids. The strength of the skin varies with 
different liquids, most of which are inferior to water 
in this respect. The surface of petroleum, for ex- 
ample, is ruptured by a weight which a water surface 
can readily sustain. But wherever we have a free 
liquid surface, we shall always find this elastic layer 
at the boundary, and I will now show, by the aid of 
lantern projection, an example in which the presence 
of this layer is utiUzed. On the screen is shown the 
stem of a minimum thermometer — that is, a ther- 
mometer intended to indicate the lowest temperature 
reached during a given period. The liquid used in 
this instrument is alcohol, and you will observe that 
the termination of the column is curved (Fig. 2). In 
contact with the end of the column is a thin piece of 
coloured glass, with rounded ends, which fits loosely 
in the stem, and serves as an index. When I warm 
the bulb of the thermometer, you notice that the end 
of the column moves forward, but the index, round 
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which the alcohol can flow freely, does not change its 
position. On inclining the stem, the index slides to 
the end of the column, but its rounded end does not 
penetrate the elastic skin at the surface. I now 
pour cold water over the bulb, which causes the 
alcohol to contract, and consequently the end of the 
column moves towards the bulb. In doing so, it 
encounters the opposition of the index, which en- 
deavours to penetrate the surface ; but we see that 
the elastic skin, although somewhat flattened, is not 
pierced, but is strong enough to push the index in front 
of it. And so the index is carried towards the bulb, 
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Fig. 2. — Column and index of minimum thermometer. 

and its position indicates the lowest point attained by 
the end of the column — that is, the minimum temper- 
ature. Obviously, a thermometer of this kind must 
be mounted horizontally, to prevent the index falling 
by its own weight. 

Boundary Surface of two Liquids. — So far we 
have been considering surfaces bounded by air, or — 
in the case of the alcohol thermometer — by vapour. 
It is possible, however, for the surface of one 
liquid to be bounded by a second liquid, provided the 
two do not mix. We may, for example, pour petroleum 
on to water, when the top of the water will be in contact 
with the floating oil. If now we lower our piece of 



LECTURE I 



silver foil through the petroleum, and allow it to reach 
the surface of the water, we find that the elastic skin 
is still capable of sustaining the weight ; and thus we see 
that the elastic layer is present at the junction of the 
two liquids. What is true of water and oil in this 
respect also holds good for the boundary or interface 
of any two liquids which do not mix. Evidently, 
if the two Uquids intermingled, there would be no 
definite boundary between them ; and this would 
be the case with water and alcohol, for example. 

Area of Stretched Surface. — We will not at 
present discuss the nature of the forces which give rise 
to this remarkable property of a liquid surface, but 
will consider one of the effects. The tendency, as in 
the case of all stretched membranes, will be to reduce 
the area of the surface to a minimum. If we take a 
disc of stretched indiarubber and place a weight upon 
it, we cause a depression which increases the area of the 
surface. But on removing the weight, the disc im- 
mediately flattens out, and the surface is restored to 
its original smallest dimension. Now, in practice, the 
surface of a liquid is frequently prevented from attain- 
ing the smallest possible area, owing to the contrary 
action o. superior forces ; but the tendency is always 
manifest, and when the opposing forces are absent or 
balanced the surface always possesses the minimum 
size. A simple experiment will serve to illustrate this 
point. I dip a glass rod into treacle or '* golden syrup," 
and withdraw it with a small quantity of the syrup 
adhering to the end. I then hold the rod with the 
smeared end downwards, and the syrup falls from it 
slowly in the form of a long, tapered column. When 
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the column has become very thin, however, owing to 
the diminished supply of syrup from the rod, we notice 
that it breaks across, and the upper portion then 

shrinks upwards and remains 
attached to the rod in the form 
of a small drop (Fig. 3). So 
long as the column was thick, 
the tendency of the surface 
layer to reduce its area to the 
smallest dimensions was over- 
powered by gravity ; but when 
the column became thin, and 
consequently less in weight, the 
elastic force of the outer sur- 
face was strong enough to over- 
come gravitation, and the 
column was therefore lifted, its 
area of surface growing less 
and less as it rose, until the 
smallest area possible imder 
the conditions was attained.* 

Shape of Detached Masses 
of Liquid. — Let us now pay a 
little attention to the small 
drop of syrup which remains 
hanging from the rod. It is in contact with the 
glass at the top part only, and the lower portion is 
only prevented from f alUng by the elastic skin around 
it, which sustains the weight. We may compare 
it to a bladder full of liquid, in which case also 
the weight is borne by the containing skin. Now 
suppose we could separate the drop of syrup entirely 




Fia. 3. — Thread of golden 
syrup rising and form- 
ing a drop. 
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from the tod ; what shape would it take ? We know 
that its surface, if not prevented by outside forces 
from doing so, would become of minimum area. 
Assuming such extraneous forces to be absent or coun- 
terbalanced, what would then be the shape of the drop ? 
It would be an exact sphere. For a sphere has a less 
surface-area in proportion to its volume than any 
other shape ; and hence a free drop of liquid, if its 
outUne were determined solely by its elastic skin, 
would be spherical. A numerical example will serve 
to illustrate this property of a sphere. Supposing we 
construct three closed vessels, each to contain I cubic 
foot, the first being a cube, the second a cylinder of 
length equal to its diameter, and the third a sphere. 
The areas of the surfaces would then be : — 

Cube ... .6 square feet. 
Cylinder .... 5-86 
Sphere . . . .4-9 






And whatever shape we make the vessel, it will always 
be found that the spherical form possesses the 
least surface. 

Now let us examine some of the shapes which drops 
actually assume. I take a glass plate covered with 
a thin layer of grease, which prevents adhesion of 
water to the glass, and form upon it drops of water of 
various sizes by the aid of a pipette. You see them pro- 
jected on the screen (Fig. 4). The larger drops are 
flattened above and below, but possess rounded sides 
and resemble a teacake in shape. Those of inter- 
mediate size are more globular, but still show signs of 
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flattening ; whilst the very small ones, so far as the 
eye can judge, are spherical. Evidently, the shape 
depends upon the size ; and this calls for some ex- 
planation. If we take a balloon of indiarubber filled 





Fig. 4. — Drops of different sizes resting on flat plate. 

with water, and rest it on a table, the weight of the 
enclosed water wiU naturally tend to stretch the balloon 
sideways, and so to flatten it. A smaller balloon, made 
of rubber of the same strength, will not be stretched 
so much, as the weight of the enclosed water would be 
less ; and if the balloon were very small, but still hal 
walls of the same strength, the weight of the enclosed 
water would be incompetent to produce any visible 
distortion. It is evident, however, that so long as it 
is under the influence of gravitation, even the smallest 
drop cannot be truly spherical, but will be slightly 
flattened. The tendency of drops to become spherical, 
however, is always present. 

Production of True Spheres of Liquids. — Now 
it is quite possible to produce true spheres of liquid, 
even of large size, if we cancel the effect of gravity ; 
and we may obtain a hint as to how this may be accom- 
pUshed by considering the case of a soap-bubble, which, 
when floating in air, is spherical in shape. Such a 
bubble is merely a skin of liquid enclosing air ; but 
being surrounded by air of the same density, there is 
no tendency for the bubble to distort, nor would it 
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fall to the ground were it not for the weight of the 
extremely thin skin. The downward pull of gravity 
on the air inside the bubble is balanced by the buoy- 
ancy of the outside air ; and hence the skin, unham- 
pered by any extraneous force, assumes and retains 
the spherical form. And similarly, if we can arrange 
to surround a drop of liquid by a medium of the same 
density, it will in turn become a sphere. Evidently 
the medium used must not mix with the liquid com- 
posing the drop, as it would then be impossible to 
establish a boundary surface between the two . Plateau , 
many years ago, produced liquid spheres in this 
manner. He prepared a mixture of alcohol and water 
exactly equal in density to oUve oil, and discharged 
the oil into the mixture, the buoyancy of which 
exactly counteracted the effect of gravity on the oil, 
and hence spheres were formed. The preparation of an 
alcohol-water mixture of exactly correct density is a 
tedious process, and we are now able to dispense with 
it and form true spheres in a more convenient way. 
There is a liquid known as orthctoluidine, which pos- 
sesses a beautiful red colour, does not mix with water, 
and which has exactly the same density as water when 
the temperature of both is 75° F. or 24° C. At this 
temperature, therefore, if orthotoluidine be run into 
water, spheres should be formed ; and there is no 
reason why we should not be able to make one as large 
as a cricket-ball, or even larger. I take a flat-sided 
vessel for this experiment, in order that the appear- 
ance of the drop will not be distorted as it would be 
in a beaker, and pour into it water at 75° F. until it 
is about two-thirds full. I now take a pipette con- 
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taining a 3 per cent, solution of common salt, and dis' 
charge it at the bottom of the water. Being heavier, 
the Bait solution will remain below the water, and will 
serve as a restii^-place for the drop. The orthoto- 
luidine is contained in a vessel provided with a tap 



Fio. 6, — FormQtion of e, sphoro of orthotoiuidine. 

and wide stem, which is now inserted in the water so 
that the end of the stem is about 1 inch above the top 
of the salty layer. I now open the tap so as to allow 
the orthotoiuidine to flow out gradually ; and we then 
see the ball of liquid growing at the end of the stem 
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(Fig, 5), By using a graduated vessel, we can read 
off the quantity of orthotoluidlne which runs out, and 
thus measure the volume of the sphere formed. When 
the lower part reaches the layer of salt solution, we 
raise the delivery tube gently, and repeat this as 



"H 



Fio. 8. — The detached sphere floating under water. 

needed during the growth of the sphere. We have now 
run out 100 cubic centimetres, or about one-sixth of a 
pint, and our sphere consequently has a diameter of SJ 
centimetres, or 2| inches. To set it free in the water 
we lift the delivery tube rapidly — and there is the 
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sphere floating in the water (Fig. 6). We could have 
made it as much lai^er as we pleased, but the present 
spliere will serve all our requirements. 

The Centrifugoscope. — I have here a toy, which 
we may suitably call the centrifugoscope, which shows 
in a simple way the formation of spheres of liquid in a 
medium of practically equal density. It consists of a 
large glass bulb attached to a stem, about three- 
quarters full of water, the remaining quarter being 
occupied by orthotoluidine. This liquid, being slightly 



Fig. 7. — The Centritiigcaeope 

denser than water at the temperature of the room, 
rests on the bottom of the bulb. When I hold the 
stem horizontally, and rotate it— suddenly at first, 
and steadily afterwards— a number of fragments are 
detached from the orthotoluidine, which immediately 
become spherical, and rotate near the outer side of the 
bulb. The main mass of the red liquid rises to the 
centre of the bulb, and rotates on its axis (Fig. 7), 
and we thus get an imitation of the solar system, with 
the planets of various sizes revolving round the central 
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mass ; and even the asteroids are represented by the 
numerous tiny spheres which are always torn off from 
the main body of liquid along with the larger ones. 
When the rotation ceases, the detached spheres sink, 
and after a short time join the parent mass of orthoto- 
luidine. We can therefore take this simple apparatus 
at any time, and use it to show that a mass of liquid, 
possessing a free surface aU round, and unailected by 
gravity, automatically becomes a sphere. After all, 
this is only what we should expect of an elastic skin 
filled with a free-flowing medium. 

Effect of Temperature on Sphere of Ortho- 
toluidine. — I will now return to the large sphere 
formed under water in the flat-sided vessel, and direct 
your attention to an experiment which teaches an 
important lesson. By placing a little ice on the top of 
the water, we are enabled to cool the contents of the 
vessel, and we soon notice that the red- coloured sphere 
becomes flattened on the top and below, and sinks a 
short distance into the saline layer. Evidently the 
cooling action, which has affect3d both liquids, has 
caused the orthotoluidine to become denser than water. 
I now surround the vessel with warm water, and allow 
the contents gradually to attain a temperature higher 
than 75° F. You observe that the flattened drop 
changes in shape until it is again spherical ; and as the 
heating is continued elongates in a vertical direction, 
and then rises to the surface, being now less dense than 
water. So sensitive are these temperature effects 
that a difference of 1 degree on either side of 75° F. 
causes a perceptible departure from the spherical shape 
in the case of 9i large drop. It therefore follows that 
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orthotoluidine may be either heavier or lighter than 
water, according to temperature, and this fact admits 
of a simple explanation. Orthotoluidine expands 
more than water on heating, and contracts more on 
cooling. The effect of expansion is to decrease the 
density, and of contraction to increase it ; hence the 
reason why warm air rises through cold air, and vice 
versa. Now if orthotoluidine and water, which are 
equal in density at 75° F., expanded or contracted 
equally on heating above or cooling below this tem- 
perature, their densities would always be identical. 
But inasmuch as orthotoluidine increases in volume 
to a greater extent than water on heating, and shrinks 
more on cooling, it becomes lighter than water when 
both are hotter than 75° F., and heavier when both are 
colder. We call the temperature when both are equal 
in density the equi-density temperature. Here are some 
figures which show how the densities of these two liquids 
diverge from a common value on heating or cooling, 
and which establish the conclusions we have drawn : — 





Temperature. 


Density. 




Deg. F. 


Deg. C. 


Water. 


Orthotoluidine. 




50 


10 


0-9997 


- 
I 009 




59 


15 


0-9991 


1-005 




68 


20 


0-9982 


1001 


Cqii 


lal : 75 


24 


0-9973 


0-997 




86 


30 


0-9957 


0-992 




95 


35 


0-9940 


0-988 




104 


40 


0-9923 


0-983 
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Other Examples of Equi-Density. — There are 
many other liquids which, like orthotoluidine, may be 
heavier or lighter than water, according to tempera- 
ture, and I now wish to bring to your notice the re- 
markable liquid aniline, which falls under this head. 
Aniline is an oily liquid, which, unless specially purified, 
has a deep red colour. It forms the basis of the 



beautiful and varied colouring materials known as the 
aniline dyes, which we owe to the skill of the chemist. 
The equi-density temperature of water and aniline is 
147° F, or 64° C, ; that is, aniline will sink in water 
if both be colder than 147° F,, and rise to the surface 
if this temperature be exceeded. We may illustrate 
this fact by a aimpjg but striking experiment. Here 
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are two tall beakers side by side, and above them a cis- 
tern containing aniline (Fig. 8). The stem of the cistern 
communicates with the two branches of a horizontal 
tube, the termination of one branch being near the 
top of one of the beakers, whilst the other branch is 
prolonged to the bottom of the second beaker, and is 
curved upwards at the end. Both branches are pro- 
vided with taps to regulate the flow of liquid, and to 
commence with are full of aniline. Cold water is 
poured into the beaker containing the shorter branch 
until the end is submerged ; and water nearly boiling 
is placed in the second beaker to an equal height. 1 
now open the taps, so that the aniline may flow gradu- 
ally into each beaker ; and you notice that the drops 
of aniline sink through the cold water and rise through 
the hot. We have thus the same liquid descending 
and ascending simultaneously in water, the only 
difference being that the water is cold on the one side 
and hot on the other. Prolonging the delivery-tube 
to the bottom of the beaker containing the hot water 
enables the rising drops to be observed throughout 
the length of the column of water ; and in addition 
enables the cold aniline from the cistern to be warmed 
up on its way to the outlet, so that by the time it 
escapes its temperature is practically the same as that 
of the water. If this temperature exceed 147° F., the 
drops will rise. We might, in this experiment, have 
used orthotoluidine instead of aniline ; or, indeed, any 
other liquid equal in density to water at some tempera- 
ture intermediate between those of the hot and cold 
water — always provided that the liquid chosen did not 
mix with water. Amongst such other liquids may be 
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mentioned anisol ; hutyl benzoate ; and acetchocciic 
ether ; but none of these possess the fine colour of 
aniline or its chemical relative orthotoluidine, and in 
addition are more costly liquids. Besides these are a 
number of other liquids rarer still, practically only 
known to the chemist, which behave in the same way. 
These liquids are all carbon compounds, and more or 
less oily in character. There is a simple rule which 
may be used to predict whether any organic liquid 
will be both lighter and heavier than water, according 
to temperature. Here it is : If the density of the 
liquid at 32° F. or 0° C. be not greater than 112, the 
liquid will become less dense than water below 212° P. 
or 100° C, at which temperature water boils. Ihis rule 
is derived from a knowledge of the extent to which the 
expansion of organic liquids in general exceeds that 
of water. I have considered it necessary to enter at 
some length into this subject of equi-density, as much 
that will follow involves a knowledge of this physical 
relation between liquids. 

Aniline Films or Skins. — ^We have previously 
concluded, largely from circumstantial evidence, that a 
liquid drop is encased in a skin or what is equivalent 
to a skin, and I propose now to show by experiments 
with aniline how we can construct a drop, commencing 
with a skin of liquid. Here is some aniline in a vessel, 
covered by water. I lower into the aniline a circular 
frame of wire, which I then raise slowly into the over- 
lying water ; and you observe that a film of aniline 
remains stretched across the frame. By lifting the 
frame up and down in the water the skin is stretched, 
forming a drop which is gonstrjcted ne^^ the tome 
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(Fig. 9). On lifting the wire more suddenly, the skin 
of aniline closes in completely at the narrow part, and 
a sphere of water, encased in an aniline skin, then falls 
through the water in the beaker, and comes to rest on 
the aniline below — into which, however,, it soon merges. 
You were previously asked to regard a drop of liquid 
as being similar to a filled soap-bubble ; and this 




Fig. 9. — Aniline skins enveloping water. 



experiment realizes the terms of the definition, And it 
requires only a little imagination to picture a drop 
surrounded by its own skin instead of that of another 
liquid. It is easy to make one of these enclosed 
water-drops by imitating the blowing of a soap-bubble 
— using, however, water instead of air. In order to 
do this I ta^ke a piece of glass tubing, open a,t both end^, 
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and pass it down the vessel, until it reaches the aniline. 
Water, in the meantime, has entered the tube, to the 
same height as that at which it stands in the vessel. 
On raising the tube gently, a .skin of aniline adheres 
to the end ; and as we raise it still further, the water 
in the tube, sinking so as to remain at the level in the 
vessel, expands the skin into a sphere (Fig. 9) — the 
equivalent of a filled soap-bubble. On withdrawing 
the tube gradually, the composite sphere is left hanging 
from the surface of the water. 

Surface Tension.— Before proceeding further, it 
will be advisable to introduce and explain the term 
** surface tension." We frequently use it, without 
attaching to it any numerical value, to express the 
fact that the free surface of a liquid is subjected to 
stretching forces, or is in a state of tension ; and thus 
we say that certain phenomena are ** due to surface 
tension." But the physicist does not content himself 
with merely observing occurrences ; he tries also to 
measure, in definite units, the quantities involved in 
the phenomena. And hence surface tension is defined 
as the force tending to pull apart the two portions of 
the surface on either side of a line 1 centimetre in length. 
That is, we imagine a line 1 centimetre long on the 
surface of the liquid, dividing the surface into two 
portions on opposite sides of the line, and we call the 
force tending to pull these two portions away from 
each other the surface tension. Experiments show 
that this force, in the case of cold water, is equal to 
about 75 dynes, or nearly y ^ ^ of a gramme . If we choose 
a line 1 inch long on the surface of water, the surface 
tension is represented by about 3 J grains. It is always 
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necessary to specify the length when assigning a value 
to the surface tension ; and unless otherwise stated 
a length of 1 centimetre is implied. The values for 
different liquids vary considerably ; and it is also 
necessary to note that the figure for a given liquid 
depends upon the nature of the medium by which it 
is bounded — whether, for example, the surface is in 
contact with air or another liquid. The following 
table gives the values for several liquids when the 
surfaces are in contact with air : — 



Liquid. 



Tension at 15 °C. (59°,F.), dynes 
per cm. 



Water 
Aniline . 
Olive Oil. 
Chloroform 
Alcohol . 



75 
43 
32 
27 
25 



When one liquid is bounded by another, the interfacial 
tension, as it is called, is generally less than when in 
contact with air. Thus the value for water and olive 
oil is about 21 dynes per centimetre at 15° C. 

We are now in a position to speak of surface tension 
quantitatively, and shall frequently find it necessary 
to do so in order to explain matters which will come 
under our notice later. 

The *' Diving" Drop. — In order to illustrate the 
tension at the boundary surface of two liquids, I now 
show an experiment in which a drop is forcibly pro- 
jected downwards by the operation of this tension. 
I pour some water into a narrow glass vessel, and fioat 
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upon it a liquid called dimethyl-aniline, so as to form 
a layer about 1 inch in depth. A glass tube, open at 
both ends, is now passed down the floating liquid into 
the water, and then raised gradually, with the result 
that a skin of water adheres to the end, and is inflated 
by the upper liquid, forming a sphere on the end of 
the tube (Fig. 10). On withdrawing the tube from 






Figs. 10, 11 and 12. — The Diving Drop. Three stages. 

the upper surface, the sphere is detached and falls to 
the boundary surface, where it rests for a few seconds, 
and is then suddenly shot downwards into the water 
(Figs. 11 and 12). It then rises to the inter- 
face ; breaks through, and mingles with the floating 
liquid, thereby losing its identity. Why should the 
drop, which is less dense than water, dive below in 



i 
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this manner ? The explanation is that the drop 
(which consists of a skin of water filled with dimethyl- 
aniline), after resting for a time on the joining surface, 
loses the under part of its skin, which merges into the 
water below. The shape of the boundary of the two 
liquids is thereby altered, the sides now being con- 
tinuous with the skin forming the upper part of the 
drop. This is an unstable shape ; and accordingly 
the boundary surface flattens to its normal condition, 
and with such force as to cause the drop beneath it 
to dive into the water, although the liquid is lighter 
than water and tends to float. The result is the same 
as that which would occur if a marble were pressed on 
to a stretched disc of rubber, and then released, when 
it would be projected upwards owing to the straighten- 
ing of the disc. I now repeat the experiment, using 
paraffin oil instead of dimethyl-aniline ; but in this case 
the drop is only projected to a small depth, and the 
effect is not so marked. The experiment furnishes 
conclusive evidence of the existence of the interfacial 
tension. 

Formation of Falling Drops of Liquid. — We 
will now direct our attention to one of the most beauti- 
ful of natural phenomena — the growth and partition 
of a drop of liquid. Let us observe, by the aid of the 
lantern, this process in the case of water, falling in 
drops from the end of a glass tube. The flow of water 
is controlled by a tap, and you observe that the drop 
on the end gradually grows in size, then becomes 
narrower near the end of the tube, and breaks across 
at this narrow part, the separated drop falling to the 
ground. Another drop then grows and breaks away ; 
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but the process is so rapid that the details cannot be 
observed. None of you saw, for example, that each 
large drop after severance was followed by a small 
droplet, formed from the narrowed portion from which 
the main drop parted. But the small, secondary drop 
is always present, and is called, in honour of its dis- 
coverer, Plateau's spherule. Nor did any of you 
observe that the large drop, immediately after separa- 
tion, became flattened at the top, nor were you able 
to notice the changing shape of the narrow portion. 
To show all these things it will be necessary to modify 
the experimental conditions. 

Mr. H. G. Wells, in one of his short stories, describes 
the wonderful effects of a dose of a peculiarly potent 
drug, called by him the '' Accelerator." While its 
influence lasted, all the perceptions were speeded up 
to a remarkable degree, so that occurrences which 
normally appeared to be rapid seemed absurdly slow. 
A cyclist, for example, although travelling at his best 
pace, scarcely appeared to be making any movement ; 
and a falling body looked as if it were stationary. 
Now if we could come into possession of some of this 
marvellous compound, and take the prescribed quantity, 
we should then be able to examine all that happens 
when a drop forms and falls at our leisure. But it is 
not necessary to resort to such means as this to render 
the process visible to the eye. We could, for example, 
take a number of photographs succeeding each other 
by very minute intervals of time — a kind of moving 
picture— from which the details might be gleaned by 
examining the individual photographs. This proce- 
dure, however, would be troublesome ; and evidently 
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the simplest plan, if it could be accomplished, would 
be to draw out the time taken by a drop in forming 
and falling. And our previous experiments indicate 
how this may be done, as we shall see when we have 
considered the forces at work on the escaping liquid. 

A liquid issuing from a tube is pulled downwards 
by the force of gravitation, and therefore is always 
tending to fall. At first, when the drop is small, the 
action of gravity is overcome by the surface tension 
of the liquid ; but as the drop grows in size and increases 
in weight, a point arrives at which the surface tension 
is overpowered. Then commences the formation 
of a neck, which grows narrower under the stretching 
force exerted by the weight of the drop, until rupture 
takes place. Now if we wish to make the process 
more gradual, it will be necessary to reduce the effect 
of gravity, as we cannot increase the surface tension. 
We have already seen how this may be done in con- 
nexion with liquid spheres — indeed, we were able to 
cancel the influence of gravity entirely, by surrounding 
the working liquid by a second liquid of exactly equal 
density. We require now, however, to allow the 
downward pull of the drop ultimately to overcome 
the surface tension, and we must therefore form the 
drop in a less dense liquid. If this surrounding liquid 
be only slightly less dense, we should be able to produce 
a very large drop ; and if we make its growth slow we 
may observe the whole process of formation and 
separation with the unaided eye. 

Now it so happens that we have to hand two liquids 
which, without any preparation, fulfil our require- 
ments. Orthotoluidine, at temperatures below 76° F. 



LECTURE I 



27 



or 24^ C, is denser than water of equal temperature. 
At 75° F. their densities are identical; and as the 
ordinary temperature of a room lies between 60° and 
70° P., water, under the prevailing conditions, will be 
slightly the less dense of the two, and will therefore 






Fig. 13. — Apparatus for forming ascending or descending 

drops of liquids. 



form a suitable medium in which to form a large drop 
of orthotoluidine. I therefore run this red-coloured 
liquid into water from a funnel controlled by a tap 
(fig. 13), and in order to make a large drop the end 
of the stem is widened to a diameter of li inches. It 
is best, when starting, to place the end of the stem 
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in contact with the surface of the water, as the first 
quantity of orthotoluidine which runs down then 
spreads over the surface and attaches itself to the rim 
of the widened end of the stem. The tap is regulated 
so that the liquid flows out slowly, and we may now 
watch the formation of the drop. At first it is nearly 
hemispherical in shape ; gradually, as you see, it 
becomes more elongated ; now the part near the top 
commences to narrow, forming a neck, which, under 
the growing weight of the lower portion, is stretched 
until it breaks, setting the large drop free (Figs. 14 
to 18). And then follows the droplet ; very small 
by comparison with the big drop, but plainly visible 
(Jigs. 19 and 20). The graceful outline of the drop 
at all stages of the formation must appeal to all who 
possess an eye for beauty in form ; free-flowing curves 
that no artist could surpass, changing continuously 
until the process is complete. 

Slow as was the formation of this drop, it was still too 
rapid to enable you to trace the origin of the droplet. 
It came, as it always does come, from the drawn-out 
neck. When the large drop is severed, the mass of 
liquid clinging to the delivery-tube shrinks upwards, 
as the downward pull upon it is now relieved. The 
result of this shrinkage — which, as usual, reduces the 
area of surface to the minimum possible — is to cut off 
the elongated neck, at its upper part, thus leaving free 
a spindle-shaped column of liquid. This column 
immediately contracts, owing to its surface tension, until 
its surface is a minimum — that is, it becomes practically 
a sphere ; and this constitutes the droplet. In a later 
experiment, in which the formation is slower still, and 
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the liquid more viscous, the origin of the droplet will 
be plainly seen, and the correctness of the description 
verified. The recoil due to the liberation of the stretch- 
ing force after rupture of the neck was visible on the 
top of the large drop, and also on the bottom of the 
portion of liquid which remained attached to the tube, 
both of which were momentarily flattened (Figs. 19 and 
20) before assuming their final rounded shape. This 
is exactly what we should expect to happen if a filled 



skin of indiarubber were stretched until it gave way 
at the narrowest part, 

As a variation on the two liquids just used, I now 
take the yellow liquid nitrobenzene, and run it into 
nitric acid (or other suitable medium ) of specific gravity 
1-2, and you observe the same sequence of events aa 
in the previous experiment, even to the details. A'ery 
rapid photography shows that the breaking away of a 
drop of water from the en^ Qf a tube in air is in eH 
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—Formation ot a drop of orthotolijidin 
droplet. Seven fltagea. 



respects identical with what we have just seen on a large 
scale. 

Ascending or Inverted Drops. — If we discharge 
orthotoluidine into water when both are hotter than 
75° F., the former liquid will rise, as its density is now 



less than that of water. If, therefore, I take a funnel . 
with the stem bent into a paraJlel branch, so as to 
dischai^e upwards {A, Fig. 13) and raise the tempera- 
ture of both liquids above 75° F., we see that the drop 
gradually grows towards the top of the water, finally 
breaJiing away and giving rise to the droplet. Every- 
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thing, in fact, was the same as in the case of a falling 
drop, except that the direction was reversed. A 
slight rise in temperature has thus turned the whole 
process topsy-turvy, but the action is really the same 
in both cases. When, on heating, the water acquired 
the greater density, its buoyancy overcame the pull of 
gravitation on the orthotoluidine, and accordingly the 
drop was pushed upwards, the result being the same 
as when it was pulled downwards. An inverted drop 
may always be obtained by discharging a light liquid 
into a heavier one, e.g. olive oil into water, or water 
into any of the liquids mentioned on p. 19, below 
the equi-density temperature. 
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Automatic Aniline Drops. — In the foregoing 
experiments the drop was enlarged until it broke away 
by feeding it with liquid ; but it is possible to arrange 
that the formation shall be quite automatic. The 
experiment, as we shall see, is extremely simple, and 
yet it contains an element of surprise. Into a beaker 
containing water nearly boiling I pour a considerable 
quantity of aniline, which at first breaks up into a 
large number of drops. After a short time, however, 
all the aniline floats to the surface, having been warmed 
by contact with the water to a temperature higher 
than that of equi-density (147° F., or 64° C.) — ^which is 
exactly what we should expect to happen. There it 
remains for a brief period in- the form of a large mass 
with the lower portion curved in outline. Soon, how- 
ever, we observe the centre of the mass sinking in the 
water, and taking on the now familiar outline of a 
falling drop. Gradually, it narrows at the neck and 
breaks away ; but as aniline is a viscous liquid, the 
neck in this case is long and therefore easily seen. The 
large drop breaks away and falls to the bottom of the 
beaker, its upper surface rising and falling for some 
time owing to the recoil of its skin after separation, 
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finally becoming permanently convex. Immediately 
after the large drop has parted, the upper maas shrinks 
upwards, spreading out further on the surface of the 
water, with the result that the long neck is severed at 



the top, its own weight assisting the breakage. Now 
follows the resolution of the detached neck into two or 
more spheres, usually a lai^e and a small (Fig. 22). 
And now, to those who view the experiment for the 
first time, comes the surprise. The lai^e drop, which 



was more or less flattened when it came to rest at the 
bottom of the beaker, becomes more and more rounded, 
and finally spherical. Then, miaided, it rises to the 



top and mingles itself with the aniline which remained 
on the surface. After a brief interval a second drop 
falls, imitating the performance of the first one ; and, 
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like its predecessor, rises to the surface, after remaining 
for a short time at the bottom of the vessel. And so 
long as we keep the temperature a few degrees above 
that of equi-density, the process of partition and re- 
imion goes on indefinitely. The action is automatic 
and continuou , and the large size of the drop and of 
the neck, and the slowness of the procedure, enables us 
to follow with ease every stage in the formation of a 
parting drop. 

And now as to the explanation of this curious 
performance. When the aniline reaches the surface, 
and spreads out, it cools by contact with the air more 
rapidly than the water below. As it cools, its density 
increases, and soon becomes greater than that of the 
water, in which it then attempts to sink. The forces 
of surface tension prevent the whole of the aniline 
from falling — the water surface can sustain a certain 
weight of the liquid — but the surplus weight cannot be 
held, and therefore breaks away. But when the 
detached drop reaches the bottom of the vessel, it is 
warmed up again ; and when its temperature rises 
above that of equi-density it floats up to the top. And 
so the cycle of operations becomes continuous, owing 
to cooling taking place at the top and heating at the 
bottom. 

Perpetual motion, you might suggest. Nothing of 
the kind. Perpetual motion means the continuous 
performance of work without any supply of energy ; 
it does not mean merely continuous movement. A 
steam-engine works so long as it is provided with 
steam, and an electric motor so long as it is fed with 
electricity ; but both stop when the supply of energy 
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is withdrawn. So with our aniline drop, which derives 
its energy from the heat of the water, and which comes 
to rest immediately the temperature faUs below 147° F. 
or 64° C. But in order that the process of separation 
and reunion may continue, the cooling at the top is 
quite as necessary as the heating at the bottom. Our 
aniline drop is in essence a heat-engine — although it 
does no external work — and like all heat-engines 
possesses a source from which heat is derived, and a sink 
into which heat at a lower temperature is rejected. 
We might, with certain stipulations, work out an 
indicator diagram for our liquid engine, but that 
would be straying too far from our present subject. 
Automatic Drops of other Liquids. — Liquids 
which possess a low equi-density temperature with 
water do not form automatic drops like aniline, as the 
rate of cooling at the surface is too slow, and hence 
the floating mass of liquid does not attain a density 
in excess of that of the water beneath. Aceto-acetic 
ether, however, behaves like aniline, if the temperature 
of the water be maintained at about 170° F. (77° C), 
but as this liquid is fairly soluble in hot water further 
quantities must be added during the progress of the 
experiment. Results equal to those obtained with 
aniline, however, may be secured by using nitro- 
benzene in nitric acid of specific gravity 1-2 at 59° F. 
(15° C), the acid being heated to 185° F. (85° C.) ; and 
here you see the yellow drop performing its alternate 
ascents and descents exactly as in the case of aniline 
and water. Other examples might be given ; but we 
may take it as a general rule that when the equi- 
density temperature of the liquid and medium is above 
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125° F. (52° C), the phenomenon of the automatic 
drop may usually be observed when the temperature 
is raised by 30° F. (17° C), above this point. 

Liquid Jets. — So far we have been observing the 
formation of single drops, growing slowly at the end 
of a tube, or breaking away from a large mass of the 
floating liquid. If, however, we accelerate the speed 
at which the liquid escapes, the drop has no time to 
form at the outlet, and a jet is then formed. We are 
aU familiar with a jet of water escaping from a tap ; 
it consists of an unbroken column of the liquid up 
to a certain distance, depending upon the pressure, 
but the lower part is broken up into a large number 
of drops, which break away from the column at a 
definite distance from the tap. There are many 
remarkable features about jets which I do not intend 
to discuss here, as it is only intended to consider the 
manner in which the drops at the end are formed. To 
observe this procedure, it is necessary again to resort 
to our method of slowing down the rate of forma- 
tion, by allowing the liquid to flow into a medium only 
slightly inferior in density. For this purpose, orthotolui- 
dine falling into water at the ordinary room tempera- 
ture is eminently satisfactory ; and we see on the 
screen the projection of a pipe, with its end under 
water, placed so that a jet of orthotoluidine may be 
discharged vertically downwards from a stoppered 
funnel. I open the tap slightly at first, and we then 
merely form a single drop at the end. Now it is opened 
more widely, and you observe that the drop breaks 
away some distance below the outlet, being rapidly 
succeeded by another and another (Fig. 23). On still 



further opening the tap the drops form at a still greater 
distance from the end of the pipe, and succeed each 
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other more rapidly, so that quite a number appear in 
view at any given moment {Figs. 24 and 25). Notice 
how the drop is distorted by breaking away from the 
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stream of liquid, and how it gradually recovers its 
spherical shape during its fall through the water. 
Finally, I increase the discharge to such an extent that 
the formation of the terminal drops is so rapid as to 
be no longer visible to the eye, but appears like the 
turmoil observed at the end of a jet of water escaping 
into air. 

Liquid Columns. — A simple experiment will suffice 
to illustrate what is meant by a liquid column. Here 
is a drop of water hanging from the end of a glass tube. 
I place it in the lantern and obtain a magnified imgige 




FiO. 26. — Water stretched between a tube and a plate. 



on the screen, and then bring up a flat plate of glass 
until it just touches the suspended drop. As soon as 
contact is established, the water spreads outwards 
over the plate, causing the drop to contract in dia- 
meter at or near its middle part, so that its outline 
resembles that of a capstan (Fig. 26). The end of the 
glass tube is now connected to the plate by a column 
of water of curved outline, which is quite stable if 
undisturbed. If, however, I gradually raise the tube, 
or lower the plate, the narrow part of the column 
becomes still narrower, and finally breaks across. In 
the same way we may produce columns of other 
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liquids ; those obtained with viscous liquids such as 
glycerine being capable of stretching to a greater 
extent than water, but showing the same general 
characteristics. A liquid column, then, is in reaUty a 
supported drop, and the severance effected by lowering 
the support is similar to that which occurs when a 
pendent drop breaks away owing to its weight. 

In our previous experiments we have seen that in 
order to produce large drops of a given liquid, the 
surroundings should be of nearly the same density, so 
as largely to diminish the effective weight of the 
suspended mass. We might therefore expect that 
large columns of liquid could be produced under similar 
conditions ; and our conjecture is correct. We may, 
for example, use the apparatus by means of which 
large drops of orthotoluidine were formed (Fig. 13), 
using a shallow layer of water, so that the lower end of 
the drop would come into contact with the bottom of 
the vessel before the breaking stage was reached, and 
thus produce, on a large scale, the same result as that 
we have just achieved by allowing a hanging drop of 
water to touch a glass plate. This method, however, 
restricts the diameter of the top of the column to that 
of the delivery tube, and in this respect the shape is 
strained. The remedy for this is to hang the drop 
from the surface of the water, when a degree of freedom 
is conferred upon the upper part, which enables the 
column to assume a greater variety of shapes. In 
order to show how this may be accomplished, I pour 
a small quantity of water into the rounded end of a 
wide test-tube, which is now seen projected on the 
screen, and then pour gently down the side a quantity 
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of ethyl henzoate, a liquid slightly denser than water. 
You observe that the liquid spreads out on tfie surface 
of the water, forming a hanging drop which at first is 
nearly hemispherical in shape ; but as I continue to 
add the liquid the drop grows in size downwards, and 
finally reaches the bottom of the tube. There is our 
liquid column (Fig. 27), which has formed itSelf in its 
own way, free from the restriction imposed by a 
delivery- tube. Notice the graceful curved outline, 
produced by a beautiful balance between the forces 
of surface tension and gravitation ; and notice also 
how the outline may be varied by the gradual addition 
of water, which causes the upper surface to rise, and 
thus stretches the column (Fig. 28). The middle 
becomes more and more narrow (Fig. 29), and finally 
breaks across, leaving a portion of the former column 
hanging from the surface, and the remainder, in 
rounded form (Fig. 30), at the bottom of the tube. 
And, as usual, the partition was accompanied by the 
formation of a small droplet. 

It is possible, by using other liquids, and different 
diameters of vessels, to produce columns of a large 
variety of outlines. Some liquids spread over a 
greater area on the surface of water than others, and 
therefore produce columns with wider tops. Here we 
see a column of orthotoluidine, which has a top dia- 
meter of 2 inches ; and here again, in contrast, is a 
column of aceto-acetic ether, the surface diameter 
of which is only i inch (Fig. 31 ). Other liquids, such 
as aniline, give an intermediate result. The lower 
diameter is determined by the width of the vessel; 
and hence we are able to produce an almost endless 
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number of ahapea. It ia interesting to note how 
workers in glass and pottery have unconscioualy 
imitated theae shapes ; and I have here a variety of 



articles which simulate the outUnes of one or other of 
the liquid columns you have just seen. It is possible 

that designers in these branches of industry might 
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obtain useful ideas from a study of liquid columns, 
which present an almost limitless field for the practical 
observation of curved forms. 



c ether in water. 



Communicating Drops. — There is a well-known 
experiment, which some of you may have seen, in which 
two soap-bubbles are blown on separate tubes, and 
are then placed in communication internally. If the 
bubbles are exactly equal in size, no alteration takes 
place in either ; but if unequal, the smaller bubble 
shrinks, and forces the air in its interior into the larger 
one, which therefore increases in size. Finally, the 
small bubble is resolved into a slightly-curved skin 
which covers the end of the tube on which it was 
originally blown. It is evident from this experiment 
that the pressure per unit area exerted by the surface 
of a bubble on the air inside is greater in a small than 
in a large bubble. The internal pressure may be 
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proved to vary inversely as the radius of the bubble ; 
thus by halving the radius we double the pressure due 
to the elastic surface, and so on. The reciprocal of the 
radius of a sphere is called its curvatirCy and we may 
therefore state that the pressure ex- 
erted by the walls of the bubble on the 
interior vary directly as the curvature. 
We have already seen that a drop of 
liquid possesses an elastic surface, and 
is practically the same thing as a 
soap-bubble filled with liquid instead 
of air. We might therefore expect the 
same results if two suspended drops of 
liquid were placed in communication 
as those observed in the case of soap- 
bubbles. And our reasoning is correct, 
as we may now demonstrate. The 
apparatus consists (Fig. 32) of two 
parallel tubes, each provided with a 
tap, and communicating with a cross- 
branch at the top, which contains a 
reservoir to hold the liquid used. 
About half-way down the parallel tubes 
a cross-piece, provided with a tap, is 
placed. We commence by filling the 
whole of the system with the liquid 
under trial, and the parallel tubes 
equal in length. Drops are then 
formed at the ends of each vertical 
tube by opening the taps on these in turn, and clos- 
ing after suitable drops have been formed. Then, by 
opening the tap on the horizontal cross-piece, we 



Fig. 32.— 
Apparatus for 
com m u nicating 
drops, with ex- 
tensions of un- 
equal length 
attached. 
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place the drops in communication and watch the 
result. 

I have chosen orthotoluidine as the liqiiid, and by 
placing the ends of the vertical tubes under water — 
which at the temperature of the room is slightly less 
dense than orthotoluidine— I am able to form much 
larger drops than would be possible in air. You 
now see a small and a large drop projected on the 
screen ; and I now open the cross-tap, so that they 
may communicate. Notice how the little drop shrinks 
luitil it forms merely a slightly-curved prominence 
at the end of its tube. It attains a position of rest 
when the curvature of this prominence is equal to 
that of the now enlarged drop which has swallowed up 
the contents of the smaller one. So far the result is 
identical with that obtained with soap-bubbles ; but 
we can extend the experiment in such a way as to 
reverse the process, and make the little drop absorb the 
big one. In order to do this I fasten an extension to 
one of the tubes, and form a small drop deep down in 
the water, and a larger one on the unextended branch 
near the top. When I open the communicating top, 
the system becomes a kind of siphon, the orthotoluidine 
tending to flow out of the end of the longer tube. The 
tendency of the large drop to siphon over is opposed 
by the superior pressure exerted by the skin of the 
smaller drop ; but the former now prevails, and the 
big drop gradually shrinks and the little one is observed 
to grow larger. It is possible by regulating the depth 
at which the smaller drop is placed, to balance the two 
tendencies, so that the superior pressure due to the 
lesser drop is equalled by the extra downward pressure 
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due to the greater length of the column of which it 
forms the terminus. Both pressures are numerically 
very small, but are still of sufficient magnitude to 
cause a flow of liquid in one or other direction when not 
exactly in equilibrium. In the case of communicating 
soap-bubbles, containing air and surrounded by air, 
locating the small bubble at a lower level would not 
reverse the direction of flow, which we succeeded in 
accomplishing with liquid drops formed in a medium 
of slightly inferior density. 

Combined Vapour and Liquid Drops. — All 
liquids when heated give off vapour, the amount 
increasing as the temperature rises. The vapour 
formed in the lower part of the vessel in which the liquid 
is heated rises in the form of bubbles, which may 
condense again if the upper part of the liquid be cold. 
When the liquid becomes hot throughout, however, 
the vapour bubbles reach the surface and break, 
allowing the contents to escape into the air above. 
Everyone who has watched a liquid boiling will be 
familiar with this process, but it should be remembered 
that a liquid may give off large quantities of vapour 
without actually boiling. A dish of cold water, if 
exposed to the air, will gradually evaporate away ; 
whilst other liquids, such as petrol and alcohol, will 
disappear rapidly under the same circumstances — 
and hence are called *' volatile " liquids. 

The formation of vapour and its subsequent escape 
at the surface of the liquid, enable us to produce a 
very novel kind of drop ; if, instead of allowing the 
bubbles to escape into air, we cause them to enter a 
second liqiud, H^re^ for example, is a coloured layer 
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of chloroform ^ at the bottom of a beaker, with a 
column of water above. I project the image of the 
beaker on the screen, and then heat it below. The 
chloroform vapour escapes in bubbles ; but notice 
that each bubble carries with it a quantity of liquid, 
torn ofE, as it were, at the moment of separation. The, 
vapour bubbles and their liquid appendages vary in 
size, but some of them, you observe, have an average 
density about equal to that of the water, and float 
about like weighted balloons. Some rise nearly to 
the surface, where the water is coldest ; and then the 
vapour partially condenses, with the result that its 
lifting power is diminished, and hence the drops sink 
into the lower part of the beaker. But the water 
is warmer in this region, and consequently the vapour 
bubble increases in size and lifting power until again 
able to lift its load to the surface. So the composite 
drops go up and down, untU finally they reach the 
surface, when the vapour passes into the air, and the 
suspended liquid falls back to the mass at the bottom 
of the beaker. Notice that the drop of liquid attached 
to each bubble is elongated vertically. This is because 
chloroform is a much denser liquid than water (Fig. 33). 
There is a practical lesson to be drawn from this experi- 
ment. Whenever a bubble of vapour breaks through 
the surface of a liquid, it tends to carry with it some 
of the liquid, which is dragged mechanically into the 
space above. In our experiment the space was 
occupied by water, which enabled the bubble to detach 

^ Mono brom-benzene is better than chloroform for this 
experiment, but is more costly. It may be coloured with 
indigo. Chloroform may be coloured with iodine. 
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a much greater weight than would be possible if the 
surface of escape had been covered by air, which is far 
less buoyant than water. But even when the bubbles 
escape into air, tiny quantities of liquid are detached ; 
so that steam from boiling water, for example, is 
never entirely free from liquid. All users of steam are 
well acquainted with this fact. 
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Fig. 33. — Combined drops of vapour and liquid, 

Condensation of Drops from Vapour, — Mists, 
Fogs and Raindrops. — The atmosphere Is the great 
laboratory for the manufacture of drops. It is con- 
tinually receiving water in the form of vapour from 
the surface of the sea, from lakes, from running water, 
and even from snow and ice, All this vapour is 
ultimately turned into drops, and returned again to 
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the surface, and to this never-ceasing exchange all the 
phenomena connected with the precipitation of mois- 
ture are due. The atmosphere is only capable of 
holding a certain quantity of water in the form of 
vapour, and the lower the temperature the less the 
capacity for invisible moisture. When fully charged, 
the atmosphere is said to be '* saturated " — a condi- 
tion realized on the small scale by air in a corked bottle 
containing some water, which evaporates until the air 
can hold no more. The maximum weight of vapour that 
can be held by 1 cubic metre of air at different tempera- 
tures is shown in the table : — 



Tempe] 


rature. 

Deg. F. 


Weight of water vapour 
(grammes) required to satu- 
rate 1 cubic metre. 


Deg. C. 





32 


4-8 


5 


41 


6-8 


10 


50 


9-3 


15 


59 


12-7 


20 


68 


171 


25 


77 


22-8 


30 


86 


30 


35 


95 


39-2 


40 


104 


50-6 



It will be seen from the table that air on a warm 
day in simamer, with a temperature of 77° F., can hold 
nearly five times as much moisture as air at the freezing 
point, or 32° F. The amount actually present, how- 
ever, is usually below the maximum, and is r^cord^ 
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for meteorological purposes as a percentage of the 
maximum. Thus if the " relative humidity " at 77° F. 
were 70 per cent., it would imply that the weight of 
moisture in 1 cubic metre was 70 per cent, of 22-8 
grammes ; that is, nearly 16 grammes. If 1 cubic metre 
of air at 77° F., containing 16 grammes of moisture, were 
cooled to 50° F. , a quantity of water equal to (1 6 — 9-3 ) = 
6-7 grammes would separate out, as the maximum con- 
tent at the lower temperature is 9-3 grammes. Precipita- 
tion would commence at 66° F., at which temperature 1 
cubic metre is saturated by 1 6 grammes. And similarly 
for all states of the atmosphere with respect to mois- 
ture, cooling to a sufficient extent causes deposition of 
water to commence immediately below the saturation 
temperature, and the colder the air becomes after- 
wards the greater the amount which settles out. 
The temperature at which deposition commences is 
called the " dew point." 

Whenever atmospheric moisture assumes the liquid 
form, drops are invariably formed. These may vary 
in size, from the tiny spheres which form a mist to the 
large raindrops which accompany a thunderstorm. 
But in every instance it is necessary that the air shall 
be cooled below its saturation point before the separa- 
tion can commence ; and keeping this fact in mind we 
can now proceed to demonstrate the production of 
mists and fogs. Here is a large flask containing sopae 
water, fitted with a cork through which is passed a 
glass tube provided with a tap. I pump some air into 
it with a bicycle pump, and then close the tap. As 
excess of water is present, the enclosed air will be 
§atura,ted, I^ow a^ compressed gas, on expanding into 
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the atmosphere, does work, and is therefore cooled ; 
and consequently if I open the tap the air in the flask 
will be cooled, and as it was already saturated the 
result of cooling will be to cause some of the moisture 
to liquefy. Accordingly, when I open the tap, the 
interior of the flask immediately becomes filled with 
mist. If we examine the mist in a strong light by the 
aid of a magnifying glass, we observe that it consists 
of myriads of tiny spheres of water, which float in the 
air, and only subside very gradually, owing to the 
friction between their surfaces and the surrounding air 
preventing a rapid fall. The smaller the sphere, the 
greater the area of surface in proportion to mass, and 
therefore the slower its fall. And so in nature, the 
mists are formed by the cooling of the atmosphere by 
contact with the surface, until, after the saturation 
point is reached, the surplus moisture settles out in 
the form of tiny spheres, which float near the su.face, 
and are dissipated when the sun warms up the ground 
and the misty air, and thus enables the water again to 
be held as vapour. 

Fogs, like mists, are composed of small spheres of 
water condensed from the atmosphere by cooling ; but 
in these unwelcome visitors the region of cooling 
extends to a higher level, and the lowering of tempera- 
ture is due to other causes than contact with the cold 
surface of the earth. In our populous cities, the 
density of the fogs is accentuated by the presence of 
large quantities of solid particles in the atmosphere, 
which arise from the smoke from coal fires, and the 
abrasion of the roads by traffic. We can make a city 
fog in our flask, I blow in some tob8i,cco smoke, ancj 
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then pump in air as before. You will notice that the 
smoke, which is now disseminated through the air in 
the flask, is scarcely visible ; but now, on opening the 
tap, the interior becomes much darker than was the 
case in our previous experiment. We have produced 
a genuine yellow fog, that is, a dense mist coloured by 
smoke. When we have learned how to abolish smoke, 
and how to prevent dust arising from the streets, our 
worst fogs will be reduced to dense mists, such as are 
now met with on the sea or on land remote from large 
centres of habitation. 

There is one feature common to the spheres which 
compose a mist or fog, or indeed to any kind of drop 
resulting from the condensation of moisture in the 
atmosphere. As shown by the deeply interesting 
researches of Aitken and others, each separate sphere 
forms roiuid a core or nucleus, which is usually a small 
speck of dust, and hence an atmosphere charged with 
solid particles lends itself to the formation of dense 
fogs immediately the temperature falls below the dew- 
point. But dust particles are not indispensable to 
the production of condensed spheres, for it has been 
shown that the extremely small bodies we call '* ions," 
which are electrically charged atoms, can act as 
centres round which the water will collect ; and much 
atmospheric condensation at high elevations is pro- 
bably due to the aid of ions.^ Near the surface, 
however, where dust is ever present, condensation 
round the innumerable specks or motes is the rule. 

^ Mr. C. T. R. Wilson has recently devised an apparatus for 
making visible the tracks of ionizing rays, by the condensation 
of water vapour round the freshly liberated ions. 
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Here, for example, is a jet of steam escaping into air, 
forming a white cloud composed of a multitude of 
small spheres of condensed water. If now I allow 
the steam to enter a large flask containing air from 
which the dust has been removed by filtration through 
cotton wool, no cloud is formed in the interior, but 
instead condensation takes place at the end of the jet, 
from which large drops fall, and on the cold sides of the 
flask. The cloud we see in dusty air is entirely absent, 
and the effect of solid particles in the process of con- 
densation is thus shown in a striking manner. Clouds 
are masses of thick mist floating at varying heights in 
the atmosphere. On sinking into a warmer layer of 
dry air the particles of which clouds are composed will 
evaporate and vanish from sight. If the condensation 
continue, however, the spheres will grow in size luitil 
the friction of the atmosphere is unable to arrest their 
fall ; and then we have rain. And whether the preci- 
pitation be very gentle, and composed of small drops 
falling slowly, as in a ** Scotch mist," or in the form of 
rapid-falling large drops such as accompany a thunder- 
storm, the processes at work are identical. Every 
particle of a mist or cloud, and every raindrop, is 
formed roiuid a nucleus, and owes its spherical shape 
to the tension at the surface. 

Liquid Clouds in Liquid Media. — Just as the 
excess of moisture is precipitated from saturated air 
when the temperature falls, so is the excess of one 
liquid dissolved in another thrown down by cooling 
below the saturation temperature. Moreover, a liquid 
when precipitated in a second liquid appears in the 
form of mjrriads of small spheres, which have the 
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appearance of a dense cloud. Here is some boiling 
water to which an excess of aniline has been added, so 
that the water has dissolved as much aniline as it can 
hold. Aniline dissolves more freely in hot water than 
in cold, so that if I remove the flame, and allow the 
beaker to cool, the surplus of dissolved aniline will 
settle out. Cooling takes place most rapidly at the 
surface, and you observe white streaks falling from 
the top into the interior, where they are warmed up and 
disappear. Soon, however, the cooling spreads through- 
out ; and now the streaks become permanent, and the 
water becomes opaque, owing to the thick white cloud 
of precipitated aniline. The absence of the red colour 
characteristic of anihne is due to the extremely fine 
state of division assumed in the process. If left for 
some hours, the white cloud sinks through the water 
to the bottom of the beaker, where the small particles 
coalesce and form large drops, leaving the overlying 
water quite transparent. The process is quite analogous 
to the precipitation of moisture from the atmosphere 
in the form of small spheres, which, if undisturbed, 
would gradually sink to the ground and leave the air 
clear. 

Overheated Drops. — The temperature at which a 
liquid boils, under normal conditions, depends only 
upon the pressure on its surface. Thus water boiling in 
air, when the pressure is 76 centimetres or 29-92 inches 
of mercury, corresponding to 14-7 pounds per square 
inch, possesses a temperature of 100° C. or 212° F. 
At higher elevations, where the pressure is less, the 
boiling point is lower ; thus Tjmdall observed that on 
the summit of the Finsteraarhom (14,000 feet) water 
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boiled at 86° C. or 1 87° F. Conversely, under increased 
pressure, the boiling point rises ; so that at a pressure, 
of 35 pounds per square inch water does not boil until 
the temperature reaches 125° C. or 257° F. There are 
certain abnormal conditions, however, under which the 
boiling point of a liquid may be raised considerably 
without any increase in the pressure at the surface ; 
and it is then said to be *' over-heated." Dufour 
showed that when drops of water are floating in 
another liquid of the same density, they may become 
greatly overheated, and if very small in size may attain 
a temperature of 150° C. or 302° F., or even higher, 
before bursting into steam. In order to provide a 
medium in which water drops would float at these 
temperatures, Dufour made a mixture of linseed oil 
and oil of cloves, which possessed the necessary equi- 
density temperature with water. To demonstrate 
this curious phenomenon, I take a mixture of 4 volumes 
of ethyl benzoate and 1 volume of aniline, which at 
125° C. or 257° F. is exactly equal in density to water 
at the same temperature. I add to the mixture two 
or three cubic centimetres of freshly-boiled water, the 
temperature being maintained at 125° C. by surround- 
ing the vessel with glycerine heated by a flame. At 
first the water sinks, but on attaining the temperature 
of the mixture it breaks up with some violence, forming 
spheres of various sizes which remain suspended in 
the mixture. Any portion of the water which has 
reached the surface boils vigorously, and escapes in 
the form of steam ; and some of the larger spheres 
may be observed to be giving off steam, which rises to 
the surface. Most of the spheres, however, remain 
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perfectly tranqml, in spite of the fact that the water of 
which they are composed is many degrees above its 
normal boiling point. If I penetrate one* of these 
spheres with a wire, you notice that it breaks up im- 
mediately, with a rapid generation of steam. A com- 
plete explanation of this abnormal condition of water is 
difficult to follow, as a number of factors are involved. 
One of the contributory causes— though possibly a 
minor one — is the opposition offered to the liberation of 
steam by the tension at the surface of the spheres. 

Floating Drops on Hot Surfaces. — If a liquid 
be allowed to fall in small quantity on to a very hot 
solid, it does not spread out over the surface, but 
forms into drops which run about and gradually evapor- 
ate. By careful procedure, we may form a very large, 
flattened drop on a hot surface, and on investigation 
we shall notice some remarkable facts. I take a plate 
of aluminium, with a dimple in the centre, and make 
it very hot by means of a burner. You see the upper 
surface of this plate projected on the screen. I now 
allow water to fall on the plate drop by drop, and you 
hear a hissing noise produced wl\en each drop strikes 
the plate. The separate drops gather together in 
the depression at the centre of the plate, forming a 
very large flattened globule. You might have ex- 
pected the water to boil vigorously, but no signs of 
ebullition are visible ; and what is more remarkable, 
the temperature of the drop, in spite of its surroundings, 
is actually less than the ordinary boiling point. Notice 
now how the drop has commenced to rotate, and has 
been set into vibration, causing the edges to become 
scalloped (Fig. 34). The drop, although not actually 
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boiling, is giving ofE vapour rapidly, and therefore 
gradually diminishes in size. And now I want to 
prove that the drop is not really touching the plate, 
but floating above it. To do this I make an electric 
circuit containing a cell and galvanometer, and con- 
nect one terminal to the plate and place the other in 
the drop. No movement is shown on the galvano- 



FiG. 34. — Spheroid of water on b. hot plate. 

meter, as would be the case if the drop touched the 
plate and thus completed the electric circuit. And 
at close range we can actually see a gap between the 
drop and the plate, so that the evidence is conclusive. 
If now I remove the ilame — ^leaving the electric circuit 
intact^and allow the plate to cool, we notice after a 
time that the globule flattens out suddenly and touches 
the plate, as shown by the deflection of the galvano- 
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meter ; and simultaneously a large cloud of steam arises, 
due to the rapid boiling which occurs immediately 
contact is made. 

What we have seen in the case of water is shown by 
most liquids when presented to a surface possessing a 
temperature much higher than the boiling point of 
the liquid. A liquid held up in this manner above a 
hot surface is said to be in the spheroidal state, to 
distinguish it from the flat state usually assumed by 
spreading when contact occurs between the liquid 
and the surface. It is doubtful whether any satisfac- 
tory explanation of the spheroidal state has ever been 
given. Evidently, the layer of vapour between the 
plate and the drop must exert a considerable upward 
pressure in order to sustain the drop, but the exact 
origin of this pressure is diflficult to trace. 



LECTURE III 



^ 



Spreading of Oil on the Surface of Water. — If 

a small drop of oil be placed on the surface of water 
it will be observed to spread immediately until it forms 
a thi|i layer covering the surface. If a further addition 
of the oil be made, globules will be formed, which, as 
you now see upon the screen, remain floating on the 
surface. The spreading of the oil in all directions from 
the place on which the small quantity of oil was dropped 
is due to the superior surface tension of water, which 
pulls the oil outwards. The surface tension of the oil 
opposes that of the water, and would prevent the drop 
from spreading were it not overcome by a greater force. 
The result is the same as would be observed if the centre 
or any other part of a stretched rubber disc were 
weakened ; the weak part would be stretched in all 
directions, and the rest of the disc would shrink 
towards the sides. When the oil has spread out, how- 
ever, and contaminated, as it were, the surface of the t 
water, the surface tension is reduced, and is not suffi- 
ciently strong to stretch out a further quantity of oil, 
which, if added, remains in the form of a floating 
globule. 

Let us study the forces at work on the floating 

globule a little more closely. Its upper surface is in 
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contact with air, and the surface tension tends, as usual, 
to reduce the area to a minimum. The top of the 
globule is not flat, but curved (Fig. 35), and its surface 
meets that of the water at an angle ; and the counter- 
pull exerted against the stretching-pull of the water 
surface is not horizontal, but inclined in the direction 
of the angle of contact, as shown by the line B. The 
under part of the globule is also curved, and meets 
the water surface from below at an angle ; and here 
also is exerted a pull in opposition to that of the water 
surface, different in magnitude to the force at the 




Fig. 35. — Forces acting on a floating globule. 

upper surface, but also directed at the angle of contact 
as shown by the line C. This tension at the jbining 
surface of two liquids is called the ** interfacial " ten- 
sion, to distinguish it from that of a surface in contact 
with air. Acting against these two tensions is that of 
the water, which is directed horizontally along the sur- 
face, as shown by the line A. The lines A, B, and C 
indicate the forces acting at a single point ; but the 
same forces are at work at every point round the circle 
of contact of the globule and the surface of the water. 
And therefore the tendency on the part of the waiter 
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tension is to cause the globule to spread out in all 
directions, whereas the other two tensions tend to pre- 
vent any enlargement of its surface. The result depends 
upon the magnitudes and directions of the conflicting 
forces. We can imagine a kind of tug-of-war taking 
place, in which one contestant. A, is opposed to two 
others, B and C, all pulling in the directions indicated 
in Fig. 35. Although A is single-handed, he has the 
advantage of a straight pull, whereas B and C can only 
exert their strength at an angle, and the larger the angle 
the more they are handicapped. If A be more powerful 
than B and C, the globule will spread ; but the result 
of the spreading is to diminish the angles at which the 
pulls of B and C are inclined to the surface, and hence 
their effective opposition to A will be increased. More- 
over, the spreading of the liquid diminishes the surface 
tension of the water — that is, weakens A — and hence 
it becomes possible for B and C to prevail and draw 
back the surface of the globule which A had previously 
stretched. If, in spite of these disabilities, A should 
still be the stronger, the globule will be stretched until 
it covers the whole surface ; whereas if B and C overcome 
A, the globule will shrink, increasing the angles at 
which B and C operate, and therefore reducing their 
effective pulls, until their combined strength is equal 
to that of A, when the globule will remain at rest. 
Bearing these facts in mind, we can understand why a 
small drop of oil placed on a clean water surface spreads 
across ; for in this case A is stronger than B and C 
combined. But when the surface of the water is 
covered with a layer of oil, A is weakened, and can no 
longer overcome the opposing pulls of B and C. Hence 
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a further drop of oil poured on to the surface remains 
in the form of a globule. 

Movements due to Solubility. — When small 
fragments of camphor are placed on the surface of water 
some remarkable movements are seen> The bits of 
camphor move about with great rapidity over the 
surface, and generally, in addition, show a rapid rotary 
motion. The explanation usually given is that the 
camphor dissolves in the water at the points of contact 
forming a solution which possesses a less surface tension 
than pure water. This solution is in consequence 
stretched by the tension of the rest of the surface, and 
the camphor floatmg on its solution is therefore made 
to move in the direction of the line along which the 
stretching force happens to be the greatest. But the 
camphor continues to dissolve wherever it goes, and 
is therefore continuously pulled about as a result of 
this interplay of tensions. Touching the surface with a 
wire which has been dipped in oil immediately arrests 
the movements, owing to the tension of the water 
being diminished to such an extent by the skin of oil 
that it is no longer competent to stretch the part on 
which the camphor floats. No doubt this explanation 
is correct so far as it goes, but it is highly probable that 
when the floating substance dissolves, other forces 
are caUed into action in addition to the tensions, 

Movements of Aniline Globules on a Water Sur- 
face. — If we allow a small quantity of aniline to run 
on to the surface of water, it forms itself into a number 
of floating globules. I now project on the screen a 

1 These movements were first recorded by Romieu in 1748 
apd wejre ascribed by him to electricity. 
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water surface on which a little aniline has been poured, 
and we are thus enabled to watch the movements 
which occur. All the globules appear to be twitching 
or shuddering ; and if you observe closely you will 
notice the surface of each globule stretching and 
recoiling alternately. The recoil is accompanied by 
the projection of tiny globules from the rim, which 




Fig. 36. — -Aniline globules on a water surface. 

becomes scalloped when the globule is stretched. The 
small globules thrown off appear to be formed from the 
protuberances at the edge (Fig. 36), and after leaving 
the main globule they spread out over the surface, 
or dissolve. This process continues for a long time, 
gradually diminishing in vigour, until small stationary 
globules are left floating on the surface, which is 
now covered with s^, skin of ^,niline, Thjs action is in 



LECTURE III 65 

striking contrast to the tranquil formation of floating 
globules of oil, and calls for some special comment. 
Let us recall again the three forces at work at the 
edge of a floating globule (Fig. 35). The surface ten- 
sion of the water, acting horizontally, tends to stretch 
the globule, and is successful momentarily in over- 
coming the opposing tensions, each of which pulls at an 
angle to the surface. Enlargement of the upper sur- 
face of the globule, however, reduces the angles at 
which the tensions B and C act, and in consequence 
their effective strength is increased. The spreading 
of the aniline over the water surface diminishes the 
pull A, which B and C combined now overcome, and 
hence the surface of the globule shrinks again. For 
some unexplained reason both the stretching and recoil 
of the globule occur suddenly, there being an interval 
of repose between each, and these jerky movements 
result in small portions of the rim being detached, each 
of which forms a separate small globule. The aniline 
which spreads over the surface of the water dissolves, 
and the water tension A, which had been enfeebled 
by the presence of the aniline skin, recovers its former 
strength, and again stretches the globule ; and so the 
whole process is repeated. When the surfeice of the 
water becomes permanently covered with a skin, which 
occurs when the top layer is saturated with aniline, 
the globule remains at rest, and has such a shape that 
the tensions B and C act at angles which enable them 
just to balance the weakened pull of A. Why the 
edge of the globule becomes indented during the move- 
ments, and why these movements are spasmodic 
instead of gradual, has not been clearly made out. It 
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is interesting to recall that a spheroid of liquid on a hot 
plate also possesses a scalloped edge, and it maybe 
that the two phenomena have something in common. 

Movements of Orthotoluidine and Xylidine 
1-3-4 on a Water Surface. — ^We will now observe, 
by the aid of the lantern, movements of globules more 
striking, and certainly more puzzling, than those of 




Fig. 37. — Orthotoluidine globules on a water surface. 



aniline. I place on the surface of the water a quantity 
of a special sample of orthotoluidine, and you see that 
immediately a number of globules are formed which 
are endowed with remarkable activity. They become 
indented at one side, and then dart across the surface 
at a great speed, usually breaking into two as a result 
of the violent action (Fig. 37). Then follows a short 
period of rest, when suddenly, as if in response to a 
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signal, all the larger globules again become indented, 
forming shapes like kidneys, and again shoot across 
the surface, breaking up into smaller globules. Notice 
that the very small globules remain at rest ; it is only 
those above a certain size that display this remark- 
able activity. A film of the liquid forms on the water, 
and the action gradually becomes more intermittent, 
ceasing altogether when a skin is well established, and 
the large globules have sub-divided into very small 
ones. My sample of orthotoluidine is somewhat imique, 
as other specimens of the liquid, obtained from the 
same and other sources, do not show the same lively 
characteristics. As in the case of camphor, touching 
the surface with a drop of oil arrests the movements 
immediately. The organic liquid xylidine 1-3-4,, 
however, exhibits the same movements, as you now see 
on the screen ; and, if anything, is even more active 
than the orthotoluidine previously shown. It may be 
added that occasional samples of aniline show similar 
movements, but of less intensity. 

Now if I am asked to explain these extraordinary 
movements, I am bound to confess my inability to do so 
at present. Why should the globules become indented 
on one side only ? The two tensions acting at the 
edge in opposition to the water tension are at work all 
roimd the globule, and it is not easy to see why they 
should prevail to such a marked degree at one spot only. 
The movement across the surface, if we followed our 
previous explanations, would be due to the superior 
pull of the water tension behind the globule, opposite 
the indented part ; although to look at it would seem 
as if some single force produced the indentation and 



68 LIQUID DROPS AND GLOBULES 

pushed the globule along bodily. Are there local 
weaknesses in the tension of the water, and, if so, why 
should such weak spots form simultaneously near each 
globule, causing each to move at the same moment 1 
Any explanation we may give as to the origin of the 
cavity in the side of the globule does not suffice to 
account for the intermittent character of the move- 
ment, and its simultaneous occurrence over the whole 



Fig. 38— Resolution of a floftting skin inio globoleo. 

surface. We must therefore leave the problem at 
present, and trust to future investigation to provide 
a solution. 

Production of Globules from Films. — ^When a 
film of oil spreads over a water surface it sometimes 
remains as such indefinitely. Certain other liquids, 
however, form films which after a short interval 
break up into globules, and the process of transition 
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is at once striking and beautiful. In order to show it, I 
project a water surface on the screen, and pour on to it 
a very small quantity of dimethyl-aniline — an oily 
liquid related to but distinct from ordinary aniline. 
It spreads out into a film of irregular outline, which 
floats quietly for a short time. Soon, however, inden- 
tations are formed at the edges, which penetrate the 
film, and from the sides of the indentations branches 
spread which in turn become branched ; and shortly 
the whole film becomes ramified, resembling a mass of 
coral, or, to use a more homely illustration, a jig-saw 
puzzle (Fig. 38). The various branches join in numer- 
ous places, cutting off small islands from the film ; and 
immediately each island becomes circular in outline 
—and the resolution into globules is complete. We 
have witnessed one of the beauty-sights of Nature. 

The same method of globule formation is shown by 
nitro-benzol and quinoline^ and as the action is more 
gradual in the case of the latter substance, I show it in 
order that we may study the process in greater detail. 
Notice the formation of the indentations and their 
subsequent branching ; and also that holes form in the 
skin from which branchings also proceed. In this in- 
stance the film is broken up in sections, but the action 
continues until nothing but globules remain on the 
surface.^ 

It is not easy to see why the canals of water penetrate 
the film and split it up into small sections, nor why 
entry takes place at certain points on the edge in pre- 

^ The breaking-up of films on the surface of water was first 
noticed by Tomlinson about 50 years ago. He used essential 
oils, and called the patterns " cohesion figures." 
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ference to others. Some orderly interplay of forces, 
not yet properly understood, gives riae to the action ; 
and a satisfactory explanation has yet to be given. 

Network formed from a Film. — A further exam- 
ple of the breaking up of a film is furnished by certain 
oils derived from coal-tar, the result in this case being 
the formation of a network or cellular structure. 
I place on the surface of water in a glass dish a small 
quantity of tar-oil, and project it on the screen. It 



spreads out at first into a thin film, which, by reflected 
light, shows a gorgeous display of colours. After a 
short time, little holes make an appearance in the fihn, 
and these holes gradually increase in size imtil the 
whole of the film is honeycombed (Fig. 39), the oil 
having been heaped up into the walls which divide 
the separate compartments. Here again the accepted 
views on surface tension do not appear competent to 
explain the action. It appears to be the case that most 
films on the surface of water show this tendency to per- 
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foration, which may be due to inequalities in the 
thickness of the film, or in the distribution of the strain 
to which it is subjected.^ 

Quinoline Rings. — Reference has ah^ady been 
made to the breaking-up of a quinoline film into glo- 
bules. But if we examine the surface about half an 
hour after the formation of these globules, we find that 
each has been perforated in the centre, forming a ring 
or annulus (Fig. 40). Some of the larger globules 




Fig. 40. — Quinoline rings and perforated plates. 

have undergone perforation in several places, forming 
honeycombed plates. These rings and plates, which 
you now see projected on the screen, remain unchanged, 
and apparently represent the final stage of equilibrium 
under the action of the various forces. Quinoline, so 
far as observations have been made, appears to be 
unique in respect to the formation of stable rings from 
globules. 

Expanding Globules. — I now wish to show, by an 

^ An interesting discussion on cellular structures of this 
type may be found in Nature, April 16 to June 11, 1914. 
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experiment, how sensitive a floating globule is to dis- 
turbances in the existing tensions, which maintain 
it at rest. On the screen is projected a globule of 
dimethyl-aniline, floating tranquilly on the surface of 
water. I now allow a small drop of quinoline to fall 
upon it, and immediately it spreads out over the sur- 
face, forming a hole in its centre (Fig. 41 ), after which 
it gradually resumes its former shape. Sometimes 
the action is so violent that the globule is split up into 




Fig. 41. — The expanding globule. 

several portions, which, however, join together again 
after a short time. In order to explain this action, we 
must again refer to the three tensions operating on the 
globule (Fig. 35). When in equilibrium, A is balanced 
by the joint pull of B and C ; and hence if either of the 
latter be weakened, A will predominate and stretch 
the globule. In our experiment it is the interfacial 
tension, C, which has been diminished in strength, 
as we may now prove by a second experiment. In this 
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instance I float on the water surface a globule of lubri- 
cating oil, M ith which quinoline does not readily mix, 
and which does not act so immediately as dimethyl- 
aniline. On allowing the drop of quinoline to fall into 
it, no action is observed until the drop has rested on 
the jiuiction of the oil and water for a short time ; but 
when it has penetrated the interface the oil globule 
suddenly spreads over the water surface, and with such 
violence as to detach several portions from the main 
globule. Merely touching the upper surface of the oil 
with a rod moistened with quinoline has no effect, 
and hence the result is due to the weakening of the 
interfacial tension. A similar effect is obtained when 
quinoline is dropped into a globule of aniline, and may 
be obtained with various other liquids. 

Attraction between Floating Globules. — The 
*' Devouring " Globule. When globules of different 
liquids are floating on the same water surface, a ten- 
dency to coalesce is sometimes noticed, but is by no 
means general. I will show one example which pos- 
sesses striking features, showing as it does the re- 
markable results which may be brought about by sur- 
face forces. First of all, we form a number of active 
orthotoluidine globules on the surface of a dish of 
water, which you see wriggling about in their char- 
acteristic fashion. After their activity has subsided 
somewhat, I float on to the surface a large globule of 
dimethyl-aniline. Attraction of some kind is at once 
apparent, for the nearest globule of orthotoluidine 
immediately approaches the intruder. And now comes 
the process of absorption. The large globule of 
dimethyl-aniline develops a protuberance in the direc- 
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tion of its victim (Figs. 42 and 43), and the small 
globule of orthotoluidine coalesces with this ** feeler/" 
which then shrinks back into the large globule, convey- 
ing with it the entangled orthotoluidine. This, how- 
ever, by no means satisfies the devouring globule, as a 
second victim is at once appropriated in the same 




Fig. 42. — The "devouring" globule. Five stages. 



manner ; and you will notice a nibbling process at 
work round the edges continuously, which is due to the 
absorption of the smaller globules of orthotoluidine. 
The action continues until the whole of the surface has 
been cleared of orthotoluidine, after which the large 
globule floats tranquilly in the centre of the vessel, 
apparently resting after its heavy meal. The inter- 



LECTURE III 75 

action of the forces which gives rise to this phenomenon 
is difficult to fathom ; there are no doubt several 
tensions, constantly changing in magnitude, which in 
the result cause the liquids of the large and small 
globules to intermingle. Separate globules of a single 
liquid sometimes unite in this manner, but this is 



Fio. 43, — Photograph of one globule absorbing another. 

not common, it being more usual for the scattered units 
to remain apart. 

. Analogies of Surface Tension Phenomena with 
Life. — When we watch the movements of globules 
on the surface of water, the resemblance to the antics 
of the lower forms of life immediately occurs to our 
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minds. Now I do not intend here to intrude any 
opinion on the much-discussed subject of the Origin 
of Life, but merely to point out that certain phenomena, 
usually supposed to be associated only with living 
things, may result from the interplay of surface ten- 
sions. In our experiments we have witnessed expan- 
sive and contractile motion (aniline globules on water) ; 
movement of translation, of a very vigorous kind 
(xylidine and orthotoluidine globules) ; incorporation of 
external matter, or feeding (dimethyl-aniline absorbing 
orthotoluidine)— we are getting quite familiar with 
these long names now — , splitting up of masses, or 
division (skins of quinoKne, etc., breaking up into 
branched portions, and sub-division of large globules) ; 
and formation of cellular structure (tar-oil on water). 
And the conclusion we may legitimately draw is this : 
that mechanical forces may account for many observed 
phenomena in connexion with life which formerly were 
attributed to the action of "vital" forces. Modem 
biological research all points in the same direction, 
and it seems probable that the operations of the animate 
and inanimate are controlled by the same forces. But 
the mystery of Life still remains. 

Conclusion. — I have endeavoured in these lectures 
to bring to your notice some of the remarkable results 
which may be produced by the use of water and a few 
other liquids, and the scientific conclusions which may 
be drawn from them. It may be that the phenomena 
we have considered have little or no commercial applica- 
tion ; but science has other uses in addition to its 
fruitful alliance with commerce. The study of the 
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methods by which Nature achieves her ends stimulates 
the imagination and quickens the perceptions, and is 
therefore of the highest educational value. It is a 
great scientific achievement to run a railway to the 
summit of the Jungfrau, but we should not envy the 
mental condition of the individual to whom that 
glorious mountain appealed only through the railway 
dividends. And I trust that we shall never become so 
imbued with the industrial aspects of science, as to 
lessen our appreciation of the works of Nature, whether 
manifested in the snow-clad peak or the equally wonder- 
ful drop of water. 
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Appabatus and Materials bequired for Experiments 

ON Drops and Globules. 

Vessels. — For direct observation of liquid spheres, 
large drops, etc., beakers about 6 inches in height and 
4 inches in diameter are suitable. It must be remem- 
bered, however, that a beaker containing water be- 
haves Kke a cylindrical lens, and hence objects in the 
interior appear distorted in shape. In order to observe 
the true dimensions, flat-sided vessels must be used, in 
which the faces are of uniform thickness. Glass battery- 
vessels, which are made of a single piece of glass, have 
sides of irregular thickness, and are not to be recom- 
mended. A useful form of vessel is one in which the 
bottom and edges are made of copper, the sides being 
formed of windows of plate glass cemented to the copper 
framework. Water may be boiled in such a vessel with- 
out danger to the glass, starting with cold water ; it is 
not advisable to pour hot water into the cold vessel, 
however, as the glass may crack. Suitable dimensions 
for a vessel of this kind are 6 inches high, and 4 inches 
in width and thickness. A beaker containing water, 
in which drops are formed may be placed in this square 
vessel, and surrounded by water, when distortion will be 
absent ; and the whole of the contents may be kept hot 

— as required, for example, with the automatic aniline 

78 






APPENDIX ' 79 

drop. It is best to conduct the experiments in beakers 
immersed as described, as the materials used may then be 
easily recovered without having to clean out the flat vessel . 

For the formation of liquid columns, test-tubes, of 
diameter 1 to 2 inches, or small beakers, may be used. 
Test-tubes provided with a foot, which will stand 
upright, are most satisfactory ; and the true shape may 
be seen by immersing the test-tube or beaker in water 
in a flat-sided vessel of the form described above. The 
effect of heat on the shape of the column may be ob- 
served by warming the water in the vessel. The cen- 
trifugoscope (Fig. 7) and the apparatus depicted in 
Figs. 8, 13, and 32, may be procured from the makers, 
Messrs. A. Gallenkamp & Co., Sun Street, E.G. 

Experiments with skins and globules may be con- 
ducted in beakers of about 4 inches diameter, or in 
small porcelain photographic dishes. If intended for 
lantern projection shallow cells, with a bottom of plate 
glass, are necessary, and may be obtained from dealers 
in scientific apparatus. 

Materials. — Sufficient quantities of the various 
liquids used may be procured from dealers in chemicals 
at a small cost. Aniline and orthotoluidine, which 
figure largely in the experiments, should be obtained 
in the *' commercial " form, which is the cheapest 
and most suitable. The remaining liquids should be 
of the variety described as ** pure " in the catalogues. 
When used for the formation of films, they should be 
kept in bottles in which the glass stopper is prolonged 
into a tapered rod, which dips into the liquid, and which, 
on removal, carries a convenient quantity of liquid 
to drop on to the water surface. 
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Accessories such as glass rods, plates, tubing of 
various diameters, thin copper wire, and an aluminium 
plate for the spheroidal state, can be obtained from 
any dealer in apparatus ; and the same applies to 
clamp-stands for holding funnels, etc. 

Water. — Ordinary tap- water suffices for all the 
experiments described, and for work with films and 
globules is superior to distiUed water, which often 
possesses a surface so greasy as to retard or even entirely 
prevent the desired result. All experiments con- 
ducted on the surface of water should be performed in 
a clean vessel which has been rinsed out several times 
with tap-water before fiUing. 

Lantern Projection. — In demonstrating the pheno- 
mena to an audience, a lantern may be used to advan- 
tage. It should be of the type now procurable, which 
is arranged for the projection of experiments conducted 
either in a horizontal or vertical position, by the use 
of the electric arc or other suitable source of light. 
Flat-sided vessels are essential for the successful pro- 
jection of views of objects in a vertical position ; and for 
showing globules, etc., on the surface of water, better 
definition is secured if cells with plate-glass bottoms are 
used instead of vessels made of a single piece of glass. 
The author has generally used a '' Kershaw " lantern 
for lecture purposes, with quite satisfactory results. 
This lantern may also be adapted for projecting solid 
objects by reflected light — as, for example, a hot plate 
on which a spheroid of water is floating (Fig. 34). The 
contrivance known as the '* Mirrorscope " may also 
be used, with slight modification, for producing a 
magnified image of solid objects on the screen. 
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York, 1910.) 2s. n^t. 

Spon^* Dictionary of . Engineering, CivUa Mechanical, MiU- 
^aiV and NivaL lo,poo illus., 4,300 pp., isuper royal 8vo. 
' (1^4, Supplement i^ufed ia 1881,) Complete, in 4 vols. 
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1903.) 2s.net. 
Hydraulic and Other Tables for piuposes of Se^rage and 

Water Supply. By T.. Hennell. Third ecKtion, 70 pp., 

crown 8vo. {1908.) 4s. 6d. net. 

Tables for Calculating the Discharge of Water in Pipes fcur. 
Water and Power Supplies. Indexea at aide for ready refer- 
ence. ByA.E.Snk. 63pp^crown8vov, (J9i4.) 3s.6J.net. 
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Simple Hydraulic FormulSB. By T. W. Stone. 9 pla4;es, 
98 pp., CTOwn 8vo. {1881.) 4s. 

A B C of Hydrodynamics. By Lieut.-Col. R. de Yillamil. 

48 illus., xi + 135 pp., demy 8vo. (1912.) 6s. net. 

Motion of Liquids. By Lieut. -Col. R. De ViUamil, R. En^. 
(Ret.). 8vo, xiv + 210 pp., 86 ilhis., 30 tables. {1914,) 
p, 6d, net. Postage : inland, 4^. ; abroad, 8d, 
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r 

Trani^actions of ttie American Institute of Cbemical En- 
gineers. Issued annually. 30$. net. per volume. 

Perfumes and Cosmetics, their Preparation and Manufacture, 
including the use of Synthetics. By G. W. Atkinsoni 
.Dr. Chem. Demy 8vo, 32 illus., 344 pp. Fourth ed. {New 
Yotk, 1915.) 21s. net. Postage : Inland, ^d. ; Abroad, lod. 

Brewing Calculations, Gauging and Tabulation. By C. VL 
Bater. 340 pp,^ 64mo, roan, gUt edges. {1914.) 1$, 6d, 
net. 

A Pocket Book for Chemists, Chemical Manufacturers, Metal- 
lurgists, Dyers, Distillers, etc. By T. Bayley. Seventh 
edition, new impression, 550 pp., royal 32mo, roan, gilt 
eiigfts. {1912.) 5s. net. 

Practical Receipts for the Manufacturer, the Mechanic, ^d for 
Home use. By Dr. H. R. Berkeley and W. M. Walker. 
New impression, 250 pp., demy 8vo. {1912.) 5*. net. 

A Treatise on the Manufacture of Soap and Candles, 
- Lubricants and Glycerine. Bjj W. L. Carpenter and H. 
Leask. Second edition, 104 lUus., 456 pp., crown 8vo. 
{1896.) X2s:6». 

A Text Book of Palp^ Making. By C. F. Cross and £. J. 
Bevan. New edition in preparation. 

C JB.Sr Standard Units and Standard Paper Tests« By G. 
F. Gross, £. J. Bevan, C. Beadle and R. W. Sindall. 

25 pp., crown 4to. {1903.) ^. 6d. net. 

Pjrrohietry. By C. R. Darling. 60 illus., 200 pp., crown Svo. 
{1911.) 55. net. 

Soda Fountain Recluisited. A Practical I^eceipt Book for 
Druggists,. Chemists, etc By O. H. Dubelle. Fourtlt ed., 
157 pp., crown 8vo. {Nem York, 1911.) 4s. 6rf. net. 
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Salt In Cheshire. By Albert F. Calvert, F.CS., ^c. Author 

of "Salt Deposits of . the World," " History of the Salt 

; Union/' etc. 200 illus., maps and plans, 992 pp., demy 

8vo. {1914,) £1 IS. net. Postage : inland, 6d. ; abroad, 

2s. 6d. 

Spices and How to K410W Them. By W. M. Gibbs. 47 

plates, including 14 in colours, 176 pp.,. 8vo. (New York, 
1909.) 15s. net. 

The Chemistry of Fire and Fire Prevention. By H. and H. 
Ingle. 45 illu^., 290 pp., crown 8vo. {1900.) g$. 

Ice -making Machines. By M. Ledoux and others. Sixth 
edition, 190 pp., iSmo, boards. {New York, 1906.) 2s. net. 

Brewing with Raw Grain. By T. W. Lovibond. 75 pp., 
crown 8vo. {1883.) 5s. 

The Chemistry, Properties, and Tests of Precious Stones. 
By J. Mastin. 114 pp., fcap. i6mo, limp leather, gilt top. 
{1911.) 2s. 6d. net. 

Sugar, a Handbook for Planters and Refiners. By the late 
J. A. R. Newlands and B. £. R. Newlands. 236 illus., 
876 pp., 8vo. {1909.) £1 5s. net. 

Principles of Leather Manufacture. By Prof. H. R. Proc- 
ter. Second edition in preparation. 

Leather Industries Laboratory Handbook of Analytical and 
Experimental Methods. By H. R. Procter. Second edi- 
tion, 4 plates, 46 illus., 450 pp., 8vo. (1908.) i8s. net. 

Leather Chemists' Pocket Book. A short compendium of 
Analytical Methods. By Prof. H. R. Procter. Assisted 
by Dr. E. Stiasny and H. Brumwell. 4 illus., xiy + 223 
pp., i6mo, leather. (1912.) 5s. net. 

Theoretical and Practical Ammonia Refrigeration* By 
I. h Redwood. Third edition, 15 illus., 146 pp., square, 
i6mo. (New York, 1914.) 4s. 6d. net. 

Breweries and Maitings. By Gr Scammell and F. Ccdyer. 

Second edition, 20 plates, 178 pp., 8vo. (1880.) 6s. net. 

Factory Glazes for Ceramic Engineers. By H. Rum- 
B^ow. Folio. Series A, Leadless Sanitary Glazes. 
(1908.) £2 2s. net. 

Spons' Encyclopsedia of the Industrial Arts, Manufactures 
and Commercial Products. 2 vols. 1,500 illus., 2,100 pp., 
su|>er royal|8vo. {1882i) £2 2$. net. 
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Tables for the Quantitative Estimation of the Sugars. By 
E. Wein and W. Frew. Crown 8vo. {1896.) 6s. 

The Puering, Bating gnd Drenching of Skins. By J. T. 
Wood. 33 illus., xv + 300 pp., 8vo. (1912,) 12s, 6d.net, 

Workshop Receipts.* For the use of Manufacturers, Mechanics 
and Scientific Amateurs. New and thorotjchly RteviSED 
EDITION, crowli 8vo. {1909,) 3s. each net. 
Vol. I. Acetylene Lighting to Drying. 223 lUus., 

532 pp. . . ; 

Vol. II; Dyeing to Japanning. 239 illus., 540 pp. 
Vol. III. Jointing Pipes to Pumps. 256 illus,, 528 pp. 
Vol. IV. Rainwater Separators to Wire Ropg 
Splicing. 321 illus., 540 pp. 
Practical Handbook on the DistiUalion of Alcohol from 
Farm Products. By F. B. Wright. Second edition, 60 
. illiis,, 271 pp., crown 8vo. {New York, 1913,) 4s. 6d, net. 

INTEREST TABLES 

The Wide Range Dividend and Interest Calculator, showing 
at a glance the Percentage on any sum from One Pound to 
Ten Thousand Pouads, at any Interest, from i per c^nt. to 
12J per cent., proceeding by J per cent. By A. Stevens. 
100 pp., super royal 8vo. 6s. net. 
Quarter morocco, cloth sides, ys. 6d. net. 

The Wide Range Income Tax Calculator, showing at a glance 
the Tax on any sum from One Shilling to Ten Thousand 
Pounds, at the Rate of gd., is., and is. 2d, in the Pound. 
By A. Stevens. On folding card, imperial 8vo. is. net. 

IRRIGATION 

Irrigation Works. By E. S. Bellasis. 37 illus., viii + 174 
. J)p., 8vo. {1913.) 8s. net. 

Puiajab Rivers and Works. By E« S. Bellasis. Second 
edition, 47 illus., 65 pp., folio. {1912,) 8s. net. 

irrigation Pocket Book. By R. B. Buckley. Secoad ed.; 
. 80 illus., viii + 475 pp., cr. 8vO, leather, gilt edges. {1914.) 
iSs, net. 

The Design of Channels for Irrigation and Drainage. By 
* ' R. B. Buckley. 22 diagrams, 56pp.,crowti 8vo. {19^11?) 
2s. net. 
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The Irrigation Works of India. By R. B. B^ckley• Second 
edition, with coloured maps and plans. 336 pp., 4to, cloth. 
(1905.) £2 2s. net. 

Irrigated India. By Hon. Alfred Aeakin. With Map, 322 
pp., 8vo. {1893,) Ss, 6d. 

Indian Storage Reservoirs, with Earthen Dams- By W.L. 
Strange. Second ed.^ 16 plates, 59 illus., xxiv + 442 pp., 
8vo. (1913.) 21S. net. 

The Irrigation of Mesopotamia. By Sir W. Willcocks. 

2 vols., 46 plates, 136 pp. (Text super royal 8vo, plates 
foUo.) (1911.) £1 net. 

Egyptian Irrigation. By Sir W. Willcocks and J. I. Craig. 

In 2 Vols. Third edition, 81 plates, 183 illus., 900 pp., 
sup. roy. 8vo. (1913.) 42s. net. 

The Nile Reservoir Dam at Assuan, and After. By Sir 
W. Willcocks. Second edition, 13 plates, 35 pp., super royal 
8vo. (1903.) 3s. net. 

The Assuan Reservoir and Lake Moeiis. By Sir W. Will- 
cocks. With text in English, French and Aral^ic. 5 
plates, 116 pp., super royal 8vo. (1904.) 3s. net. 

The Nile in 1904. By Sir W. Willcocks. 30 plates, 200 pp., 
super ?oyal 8vo. (1904.) 5s. net. 

LOGARITHM TABLES 

Aldum's Pocket Folding Mathematical Tables. Four- 
figure Logarithms, and Anti-logarithms, Natural Sines, 
Tangents, Cotangents, Cosines, Chords and Radians for all 
angles from i to 90 degrees. And Dedmalizer Table for 
Weights and Money. On folding card. 4^. net. 20 copies, 
6s. net. 

Tables of Seven -figure Logarithms of the Natural Numbers 
from I to 108,000. By G. Babbage. Stereot3rpe edition, 
224 pp., medium 8vo. 5s. net. 

Four-Place Tables of Logarithms and Trigonometric 
Functions. By £. V. Huntington. Ninth thousand, 
34 pp., square 8vo, limp buckram, with cut lateral index. 
(New York, 1911.) 3s. net. 

Short Logarithmic and other Tables. By W. C, Unwin. 

Fourth edition, small 4to. 3s. 
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Logarithmic Land Measurement. By J^ Wallace^ 32: 

pp., royal 8vo. {1910.) $s. niet. 

ABC Five-figure Logarithms with Tables, for Chemists. 
By C. J. Woodward. Crown 8vo. 2s. 6d. net. 

ABC Five -figure Logarithms for general tise, with lateral 
index for ready reference. By C. J. Woodward. Second 
edition, with cut lateral Index, 116 pp., lamo, Kmp leather. 
3^. net* 

MARINE ENGINEERING 
AND NAVAL ARCHITECTTURE 

Marine Propellers. By S. W. Bamaby. Fifth edition, 5 
plates, 56 illus., 185 pp., demy 8vo. {1908.) los. 6d. net. 

The Suction Caused by Sliips and the Olympic-Hawke 
Collision. By £. S. Bdlasis. i chart and 5 illus. in 
text, 26 pp., 8vo, sewed. {1912.) is. net. 

Yachti^ Hints, Tables and Membranda. By A. C. Fraiiklinv 

Waistcoat pocket size, 103 pp., 64m6, roan, gilt edges. 
IS. net. . 

Steamship Coefficients, Speeds and Powers. By C. F. A. 
Fj^e. 31 plates, 280 pp., fcap. 8vo, leather. {1907.) 
105. 6d. pet, . 

How to Build a Speed Launch. By E. W. Graef. 14 plates, 
32 pp., quarto. {New York, 1903). 4s. 6d. net. 

Steamships and Their Machinery^ from first to last. By 
J. W. C. Haldane. 120 illus., 532 pp., 8vo. {1893.) 155^ 

Structural Design of Warships. By William Hovgaard. 

Professor Naval Design, Mass. Inst, of Technology; M. 
Inst., N.A. ; M.Socy. N.A.&M.E. Super Roy. 8vo. With 
23 tables, 6 plates, and 186 illus. 384 pp. (1915). 21s. 
i;iet. Postage : Inland, 6d. ; Abroad, is. 2d. 

Tables for Constructing Sliips' Lines. By A. Hogg. Third 
edition, 3 plates, 20 pp., 8vo, sewed. {1911.) 35. net. 

Tabulated Weights of Angle, Tee, Bulb, Round, Square, and 
Flat Iron and Steel for the use of Naval Architects, Ship- 
builders, etc. By C. H. Jordan. Sixth edition, 640 pp., 
royai 32mo, leather, gilt edges. (1909.) 7s.' 6d. 
net. 



2n B. & F. N. SPON, LWK, 67, HAYMARKET, LONDON, S.W. 

^ 

Partioilars of Dry Docks, Wet Docks, Wliarves, etc., on the 
River Thames. Compiled by G. H. Jordan. Second 
edition, 7 coloured charts,^ 103 pp., oblong 8vo, (1904.) 
2S. 6d. net. 

Marine Transport of Petroleum^ By H^ Little. 66 iUus., 
2^3 pp^, crown 8va (1890,) io$. 6i. 

Questions and Answers for Marine Engineers, vnth a Prac- 
tical Treatise on Breakdowns at Sea. By T. Lucas. 12 
folding plates, 515 pp., gilt edges, crown 8vo. {New York, 
1902.) 8s. net. 

How to Build a Motor Launch. By G. D. Mower* 49 illus.^ 
42 pp., 4to. [New York, 1904). 4s. 6d. net. 

Reed's Engineers' Handbook to the Board of Trade 
Examinations for certificates of Competency as First and 
Second Class Engineers. Ninete«ith edition, 37 plates^ 
358 illus., 696 pp., 8vo. 14s, net. 

Key to Reed's Handbook, ys. 6d. net. 

Reed^ Marine Boilers. Third edition, 79 ilhis., 238 pp.» 
crown 8vo. (1905.) 4s. 6d^ net. 

Reed's Useful Hints to Sea-going Engineers. Fourth 

edition, 8 jdates, 50 fllus., 312 pp., crown '^o. (190S.) 
3^* 6rf* net.N 

How to Build a Three-horse Power Launch Engine. By 
E. W. Roberts. 14 plates, 66 m>:, folio. (New York, 19M). 
10s. 6d. net. 

MATERIALS 

Practical Treatise on the Strength of Materials. By T. 

Box. Fourth edition, 27 plates, 336 pp., 8vo. (1962.) 
12s. 6d. net. 

Solid Bitumens. By S. F. Peckham. 23 illus«, 324 pp., 

8vo. (New York, 1909.) £x is. net. 
Lubricants, Oils and Greases. By I. I. Redwood. 3 

plates, ix + 54 pp., 8vo. (1898.) 6s. 6d. net. 
Practical Treatise on Mineral Oils and their By-Products. 
., By I. I. Redwood. 76 illus., 336. pp., 8Vo. (1914.) 

xos. 6d. net. 

Silico^^Galcareous Sandstone^, or Building > Stones from 
Quartz, Sand and Lime. By E. Stoffler. 5 plates, 8vo, 
sewed. (1901.) 4s. net. 
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tion for Testing Materials. English edition. 189 illus., 
549 PP»' 8vo. (1910.) 18s. net. 

Proceedings of the Sixth Congress. {1913:) 30s. net. 

MATHEMATICS 

Imaginary Quantities* By M. Argand* Translated by 
Prof. Hardy. i8mo, boards. {New York,) 1881. 2s. net. 

Text-book of Practical Solid Geometry. By £. H. de V. 
Atkinson. Revised by Major B. R. Ward, R.E. Second 
edition, 17 plates, 134 pp., 8vo. {191S*) 7*. 6d. 

Quick and Easy Methods of Calculating, and the Theory 
and Use of the Slide Rule. By R. G. Blaine. Fourth 
edition, 6 iUus., xii + 152 pp., i6mo. {1912.) as. 6(1. net. 

Symbolic Algebra, or this Algebra of Algebrdc Numbers. 
By W. Cain. 12 illus., 131 pp., i8mo, boarcb. {New 
York, 1884.) 2s. net. 

Nautical A8||*pnomy. By J. H. Colvin. 227 pp«« crown 8vo. 
{1901.) 2s. 6d. net. 

Chemical Problems. By «l. C. Fpye. Fourtk edition, 141 
pp., i8mo, boards. {New York, 1898.) 2s. net. 

Primer of the Calculus. By E. S. Goiild. Fifth ed., 24 
illus., 122 pp., i8mo, boards. {New York, 1912.) 2s. net. 

filenientary Treatise on the Calculus for Engineering Stu- 
dents. By J. Graham. Fourth edition, 116 illus., xii 
+ 355 PP-> cr- 8vo. {1914.) 5s. net. 

Manual of the Slide Rule. By F. A. Halsey. Fourth edition, 
31 illus., 84 pp:, i8mo, boards. {New York, 1907.) 2S. net. 

Reform in Chemical and Physical. Calculations* JBy 
C. J. T. Hanssen. 4to. {1897.) 6s. 6rf. net. 

Algebra Self-Taught. By P. Higgs. Third edition, 104 
pp., crown 8vo. {1903.) 2s. 6d. 

A Text-book on Graphic Statics.. By G. W. Malcolm. 

155 illus., 316 pp., 8vo. {New York, 1909.) 129: 6d. net. 

Galvanic Circuit I&vestigated Mathematically. By^ G. 84 
Ohm. Translated by William Francis. 269 pp., i8mo, 
boards. Second ed. {New York, 1906.) 2s. net 
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Second edition, 128 illus., xii + 410 pp., meifflum 8vo, 
(1911.) 5$. net. . 

Elements of Graphic Statics, By K. Von Ott. TvanslaieA 
by G. S. Clarke. 95 illus., 128 pp., crown 8vo. {1901.) $s. 

Figure of the Earth. By F. C. Roberts. 2 illus., 95 pp., 
iSmo, boards. (New York, 1885.) 2s. net. 

Arithmetic of Hectricity. By T. O'C. Sloane. Twentieth 
ed., g illus., 162 pp., crown 8vo. [New York, 1909.) 
4s. 6d. net. 

Graphic Method for Solving certain Questions in Arith- 
metic or Algebra. By G. L. Vose. Second edition, 
28 illus., 62 pp., iSmo, b<Mrd5, (Neni York, 1902.) 23. net. 

Problems In Electricity. A Graduated Collection comprising 
aU branches of Electrical Science. By R. Weber. . Trans- 
lated from the French by E. A. O'Eeefe. 34 illus., 
366 pp., crown 8vo. Third ed. {1902.) 7s. 6d. net 

MECHANICAL ENGINEERING 

Steam Engines anil Boilers, etc. 
Engineers* Slcetch Book of Mg^lianical Movements. By 

T. W. Barber. Fifth edition, 3,000 illus., 355 pp., 8vo. 
{mS.) los: 6d. net. 

The Repair and Maintenance of Machinery. By T. W. 
Barber. 417 illus., 476 pp., 8vo.' 6d. 

The Science of Burning Liquid Fuel. Newton 

Best. 100 illus., 159 pp. 8vo. {1 t. 

Practical Treatise on Mill Gearing. s. Fifth 

edition, ii plates, 128 pp., crown 8vo. {1892.) ys. (>d. 

The Mechanical Engineer's Price Book- Edited by Geof- 
frey Brooks, A.M,I.Mech.E. 182 pp., pocket size (6i by 
3j by J inch). Leather doth with rounded comers. Second 
ed. {1914.) 4s. net. Postage 3^. 

Safety Valves. By R. H. BueU. Third edition, 20 iUus., 
100 pp., i8mo, boards. {New York, 1898.) 2s. net. 

Machine Design. By Prof. W. L. CathCart. 

Part I. Fastenings. 123 fllus., 291 pp., demy 8vo. 
{New York, 1903.) 12s. 6d. net- 



flOmNTIFIO BOOKS. 3J 



Chimney Design and Theory, fiy W. W. Ghristfe. Second 
edition, 54 iUus., 192 pp., crown 8vo. (New York, 1902.) 
12s. 6d, net. 

Furnace Draft : its Production by Mechanical Methods. By 
W. W. Christie. 5 illus., 80 pp., i8mo, boards. .Second 
edition. (New York, 1906.) 2s. net. 

I'he Stokers' Catechisn^* By W. J. Connor. 63 pp., limp. 

(1914,) IS. net. ' , , , 

Treatise on the use of Belting for the Transnussion of Power, 
By J. H. Cooper. Fifth edition, 94 illus., 3^9' pp., demy 
8vo. (New York, 1901.) 12s, 6d. net. 

The Steam Engine considered as a Thermo -dynamic 
Machine. ^ J. H. Cotterili. Third edition, 39 dia- 
gj-ams, 444 pp., 8vo. (18961) 15s. 

Fireman's Guide, a Handbook on the Care of Bdilers. By 
K. P. Dahlstrom. Eleventh edition, fcap. 8vo. (Sj &C. 
Series, No. 16.) (New York, 1906.) is. 6d. net. 

Belt Driving. By G. HaUiday. 3 folding plates, 100 pp., 
8vo. (1894.) 3s. 6d. 

Worm and Spiral Gearing. By F. A. Halsey. 13 plates, 
85 pp., i8mo, boards. Second ed. (New York, 191t) 2$. net. 

Commercial Efficiency of Steam Boil^s. Biy A. JEIai^ssen. 

Large 8 vo, sewed. .(1898.) .6d. 

Corliss Engine. By J. T. Henthorn. Third edition, 23 illu^., 
95 PP-» crown 8vo. (S. & C. Series, No. 23.) (New York, 
1910.) IS. 6d. net. 

Liquid Fuel for Mechanical and Industrial Purposes. By E, A. 
Brayley Hodgetts. 106 illus., 129 pp., 6vo. (1890.) 5s. 

Elementary Text -book on Steam Engines and Boilers. 
By J. H. Kinealy. Fourth edition, 106 illus., 259 pp., 8vo. 

(New York, 1903.) 8s. 6d. net. . . 
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Centrifugal Fans. By J. H. Kinealy. 33 illus., i2o6 pp., fcap. 
8vo, leather. (Nm York^ 1905.) i2$i 6^. net. 

Mechanical Draft. By J. H. Kinealy. 27 original tables 
and 13 plates, 142 pp., crown 8vo. (New York, 1906^) 
8s. 6d. net. 
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The A B C of the Steam Engine, with a description of the 
Automatic Governor. ' By J. P. Lisk. 6 plates, 8v6. 
(S. & C. Series, No. 17;) (New York, 1910.) ^s. 6d. net. 
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Valve Setting Record Book. By P. A. Low. 8vo, boards. 
IS, 6d, 

The Lay-out of Corliss Valve Gears. By S. A. Moss. 

Second edition, 3 plates, 108 pp., iSmo, boards. {New 
York, 1906.) 25. net. 

Steam Boilers, their Management and Working. By J. 
Peattie. Fifth edition, 35 illus., 230 pp., crown 8vo. 
(1906,) 4s. 6d, net. 

Treatise on the Richards Steam Engine Indicator. By 
C. T. Porter. Sixth edition,. 3 plates and 73 diagrams, 
285 pp., 8vo. (1902.) gs. 

practical Treatise on tbe Steam £^agia0. By A« Rigg. 

Second edition, 103 platen, 378 pp., demy 4to. {1894.) 

Power and ite Transmission. A Practical Handbook for 
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76 pp., fcap, 8vo. {1910.) 2s. net. 

Slide Valve Simply Explained. By W. J. Tennant. Re- 
vised by J . H . Kinealy . 41 ilhe. , 83 pp. , crown 8vo. {New 
York, 1899.) 2s. net. 

Shaft Governors. By W, Trinks and C. Hoosum. 27 fflus., 
97 PP-» i8mo, boards. {New York, 1906.) 2s. net. 

Treatise on the Design and Construction of Mill Buildings. 
By H. G. Tyrrell. 652 illus., 490 pp., 8vo. {New, York, 
1911.) 17s. net. 

Slide and Piston Valve Geared Steam Engines. By W. H. 
Uhland. 47 plates and 314 illus., 155 pp. Two vols., 
folio, half n^orocco. {1882.) £1 i6s. 

How to run Engines and Boilers. By E^ P. Watson. Sixth 
. ed., 3iUlus.,i;6opp.,8vo. {New York, 1913.) 4s.6rf.net. 

Position Diagram of Cylinder with Mej^r Cut-off. By 
W4 H., Weightman. On card. {New York.) is. net.. 

Practical Metkod of Designing Slide Valve Gearing. By 
E. J. Welch. 69 illus, 283 pp., crown 8vo. {1890.) 65. 
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Microscopic Internal Flaws in Steel Rails and Propeller 

Shafts. By T. Andrews. 8yo, $ewed. {1^96.) m. 

Microscopic Internal Flaws, Inducing Fracture in Steel. 
By T. Andrews. 8vo, sewed. {1896.) 2S. 
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American Standard Spedfics^ons for Steel. By A. L. 
Colby. Second edition, revised, 103 pp., crown 8vo. {New 
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139 PP-. 8vo. {1911:) 5s. net. 
Management of Steel. By G. Ede. Seventh edition, 216 pp., 

crowp 8vo. {196i.) 5s. 

The Frodair Handbook for Ironfounders. i^ pp.« r2mo. 
{1910. ") 25. net 
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illus., xii + 103 pp., 8vo. (1922.) 45. 6iw net. 

Cupola Furnace. By £. Kiiic. Third edition* 106 iUu$», 494 
pp., 8vo. {Nensf York, 1910.) 15s. net 

Practical Notes on Pipe Founding. By J. W. Macfarlane. 

15 plates, 148 pp., Svo. {1888.) 12s. 6d. 

Atlas of Designs conceMing Blast Furnace Practice. By 
M. A. Pavloff. 127 plates, 14 in. by loj in. oblong, sewe^. 
{1902.) £1 IS. net. ' 

Album of Drawings relating to the Manufacture of Open 
Hearth Steel. By M. A. Pavloff. 

Part I. Open Hearth Furnaces. 32 plates, 14' in. by 
loj in. oblong folio, in portfoHo. (1904,) 125. net. 
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Metallography Applied to Siderurglc Products. By H. 
Savoia. Translated by R. G. Corbet. 94 illus., 180 pp., 
crown 8vo. {1910,) 4s. 6d, net. 

Modem Foundry Practice. By J. Sharp. Second edition, 
new impression, 272 illus., 759 pp., Svo. {1911.) £1 is, 
net. 

Roll Turning for Sections in Steel and Iron. By A. Spen- 
der. Second edition, 78 plates, 4to. {1S94,\ £1 10s/ 

METRIC TABLES 

French Measure and EngUsh Equivalents. By J. Brook. 

Second edition, 80 pp., fcap. 32mo, roan. is. net. 

A Dictionary of Metric and other useful Measut*es. By 
L. Clark. 113 pp., 8vo. 6s. 

Ehglish Weights, with their Equivalents in kilogrammes. 
By F. W. A. Logan. g6 pp., fcap. 32mo, roan. is. net. 

Metric Weights with English ISquivalents. By H. P. 
McCartney* 84 pp., fcap. 32mo, roan* is. net. 

Metric Tables. By Sir G. L. Molesworth. Fourth edition, 
95 PP-* royal 32mo. {1909,) 2S. n^t. 

Metric-English and English -Metric Lengths. By G. A. 
Rossetti. xii + 80 pp., ob. 32mo. is. net. Giving 
equivalents in millimetres (to five significant figures) of all 
English lengths from ^^th of an inch to 10 ft., advancing 
by 64ths of an inch ; and equivalents to the nearest 64th 
of ail inch of all Metric lengths from i to 3,200 noiHimetres, 
advancing by miillim^tres. 

Tables for Setting out Curves froih 200 metres to 4,000 metres 
by tangential angles. By H. Williamson. 4 illus., fy) pp., 
, xSmo, z$. net. 

MINERALOGY AND MINING 

Rock Blasting. By G. G. Andre. 12 plates and 56 illus. in 
^, text, 202 pp., Svo. {1878,) 5s. 

iPractical Treatise on Hydraulic Mining in California. By 
A. J* Bowie, Jimr. Eleventh ed., 73 illus., 313 pp., royaJ 
8vo. {New York, 1910.) £1 is., net. 
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Tables for the Determiiiation &t Gotamon Rocks. By O. 
Bowles. 64pp., i8mo, boards. {New York, 1010.) 2S.net. 

Fire Assaying. By E. W. Buskett* . 69 illus., 105 pp., crown 
8vo. (New York, 1907.) as, 6dj net. 

Tin : Describing the Chief Methods of Mining^Dressing^etc.: By A. 
. G. Qharleton. 15 plates, 83 pp., crown 8vo. {1S84.) j,z^.f>i. 

Gold Mining and Milling in Western Australia, with Notes 

... upon Telluride Treatment, Costs and Iffitiing Practice in 

, „ other Fields. By A. G. Charletoni 82 illus. and icmmerous 

plans and tables, 648 pp., super i:oyal 8vo. (1903.) izs.6d. net. 

Miners' Geology and Prospectors' Guide. By Gk A. 
Gorder. 29 plates, 224 pp., crown 8vo. (1914.) 5s. net. 

Blasting of Rock in Minest Quarries, Tunnels^ etc. By 
A. W. and Z. W. Daw. Second edition, go illus., 316 pp., 

demy 8yq. (1909.) 15s. mU ' ; > 

Gold Dredging. By C. T. Earl. 17 maps, 78 ^iUus., ivi + 
208 i^p., 8vd. (1913.) 20s. net. ^ ■■■-■ 

Handbook of Mineralogy ; determination and description of 
Minerals found in the United States. By J. C. Foye; 

:!:8o pp., i8mo, boards. Fifth ed. (New York, 1907.) 2S.net. 

Our Goal Resources at ihe . End of the Nineteenth Century. 
By Prof. E. Hull. 157 pp., demy 8vo. (1897.) . 6s. 

Hydraulic Gold Miners' Manual. By T. S. G. Klrkpatrick. 

Second edition, i2 illus., 46 pp., crown 8vo. {1397.) 4s. 

Economic Mining. By G. G. W. Lock. 175 illus., 680 pp., 
8vo. (1895.) 10s. 6d. net. 

Gold Milling : Principles and Practice. By G. G. W. Lock. 

200 illus., 850 pp., demy 8yo. (1901.) £j. is. net. 

Mining and Ore-Dressing Machinery. By G. G. W. Lock. 

639 illus., 466 pp., super royal 4to. (1890.) £1 5s. 

Miners' Pocket Book. By G. G. W. Lock. Fifth edition, 
233 illus., 624 pp., fcap. 8vo, leather, gilt edges. (1908.) 
los. 6rf. net. 

Chemistry, Properties and Tests of Precious Stones. By 
J. Mastin. 114 pp., fdap. i6mo, limp leather, gilt top. 
(1911.) 2$. 6d. net. 
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T^&t^^ for Ores* Min^fd^ and Mt^tuls of Cfmimercial Valtte. 
By R, L, McMecben* 153 pp„ lamo. (N^w Ymh, 1907.) 
5s. 6d. net. 

Practical Handbook for the Working, Miner and Prospector, 

and the Mining Investor. By J. A. Miller* 34 illus., 
^34 PP'« crown 8vo. {1897.) ys. 6dj 

Theory and j^ractice of Centrifugal Ventilating Machines. 
By I>. Mjirgue. 7 iUus., 81 pp^,.8TO. {1^83.) 5s, 

Bxamples of Coal Mining Plant. By J. Porey-Harper. 

Second edition, 40 plates, 26 in. by 20 in. {189S. ) ;C4 45. net. 

Examples of Coal Mining Plant, Second Series. By J. 
' JPov^-Harper. 10 plates, 26 in. by 20 in. (1992.) 
£1 I2sy(t4. net. . 

MODELS AND MODEL MAKING 

How to Build a Model Yacht. By H* Fisher. 45 i!Qus., 
5a pp,, 4to. {N^ York^.1902.) 4$. 6d. net. 

Model Engines and Small Boats. By N. M. Hopkins. 50 

illus., yiii+74 pp., crown 8vo. {New York, 1898,) 55. 6^ net. 

Theory, and Practice of Model Aeroplaning. By V. E. 
Johns<)|i&. 61 illus,, xvi + 148 pp., cro;wn 8vq.- (1910.) 
3s. 6rf. net. 

The Model Vaudeville Theatre. By N. H. Schneider. 34 

illus., 90 pp., crown 8vo. (S.&C. Series, No. 15.) ' {New 
. Yori, 1910.) IS. 6d. net. 

l^ectrif: Toy-Making. By T, O. Sloane. Tw^tieth ed., 70 
illus., 183 pp., crown 8vo. {New York, 1914.) 4s. 6.d. net. 

Model Steam Engine Design, By R* M. De Vignier. 34 

illus., 94 pp., crown 8vo, limp. (S. &. C. Series, No. 9.) 
{New York, 1907.) I5.6i.net. 
Small Engines and Boilers. By E. P. Watson. 33 iHus., 
, ^ yiii + iq8 pp., ^rown Svo; (iVw York^ 1899.) 55. 6d.,wt 

ORGANIZATION 

Accounts, Contracts and Management 

Organization of Gold Mining Business, with Specimens of 
the Departmental Report Books and the Account Books. 
By Nicol Brown. S<econd edition, 220 pp., fcap. folio. 
{1903.) £1 ss.'net. ! . ". :' 
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Cost Keeping ^od Matlag^ment f^gineeFiag. A Treatise 
for thos^ engaged in Engineering Construction. By H. P. 
Gillette and R, T» Dana* 184 iUus^, 346 pp., 8vo, (New 
York, JQ09.) 15s. net 

Handbook on Railway Stores Managements By W. O. 
Keinpthorne* 268 pp., demy 8vo. (1907.) los. f>4> net., 

Depreciation of Factories, Municipal, and Industrial Under- 
takings, and their Valuation. By E, Matheson. • Fourth 
edition, 230 pp., 8vo. (1910,) iqs. 6rf, w%. 

Aid Book to Engineering EntiM^rise. By &• Matheson. 

T\urd ecUtion, 916 pp., 8vo, buckr?an. (189S,) £1 4^, 

Office Management* A handbook for Architects and' Civil 
Engineers. By W. Kaye Parry. New EdiHon in preparation. 

Commercial Organisation of Engineering Factories. By 
H. Spaocer. 92 iHus., 221 pp., 8vo. (1914,) 10s, 6d, net. 

PHYSICS 

Colour, Heat and Experimental Science 

liie Entropy Diagram and its AppUcations. By M. J. 
Boulvin. 38 iUus., 82 pp., demy 8vo. (1914,) 5s. 

Physical Problems and their Solution. By A. Bour- 
gougnon. 224 pp., i8mo, boards. Second ed. (New York, 
1904,) 2s, net. 

Heat for Engineers. By O. R. Darling. Second edition^, 

liO ittuS., 430 pp., i8vO. (FiNSBURY TECHNICAt Makual.) 

(1912,) 12s. 6d. net. 

Beaumi and -Speciftc Gravity Tables for liquids Kghter than 
water. By Nat H. Freeman.. 27 pp., cr. 8vo. (1914.) 
as. 6d. net. Post free, 2S. Sd,. 

Eh^eerhig Thenxiodynamics. By G. F, Hirschfeld. 22 

illus., 157 pp., i8mo, boards. Second ed. (Nm York, 1910,) 
2S, net. 

Liquid Drops and Globules,, their Formatioii and. Movements. 
By Gbas. R. DarUng. Assoc;R.C.S., . Ireland ; F.I.C. ? 
F.Ph. Socy. Lectiuer at the City and Guilds Technical 
College, Finslpury. Being three Lectujfes delivered to Popular 
, Audiences. Cr. 8vo, , x + 84 pp., 43 lUua. {1914,) 2s. 6d. 
net, postage 3^. 
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TheDynatnicB of Surfaces: An introduction to the study of 
Biological Surface Phenomena. By Prof, Dr. Medl Leonor 
Miohaelis. Privatdozent in the University of Berlin, Trans- 
lated by W. H. Perkins, M.Sc. Demy 8vo, ii8 pp., 8 illus. 
{1914.) 4s. net. Postage : inland, $d\ ; abroad, 6d. 

Experimental Science : Elementary, Practical and Experi- 
niental Physics. By G. M. Hopkins. Twenty-*seventh ed., 
920 illus., 1,100 pp., 8vo. {New York, 1911.) £z is. net. 

Reform in Gtiemical and Pliysical Oal^ulations. By 
. . C. J. T. Hanssen* Demy 4to. {1897^) 6s. 6(L net. 

Tlie Gyroscope, an Ex:perimental Study. By V. E. John- 
son. 34 illus., 40 pp., or. 8vo. (S. & C. SiattES,.No. 22.) 
. {191L) is. 64. net. . : 

Tlie Gyroscope. By F. J* B. Cordeiro, Airthor of "The 
Atmosphere," etc., etc. 19 ^llus., viii + 105 pp., cr. 8vo. 
{New York, 1913.) 6s. 6d. net. 

Introduction to the Study of Colour Phenomena. By J. W, 
Lovibond. 10 coloured plates, 48 pp., 8vo. {1905.) 5s.net. 

The Energy Ghajrt. Practical application to reciprocating 
steam-engines. By Captain H. B, Sankey. 157 illus., 
170 pp.„ 8vp. {1907.) ys. 6d. net. 
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PRICE BOOKS 

The Mechanical Engineers' Price Book. !3y G. 
Brooks,. 200 pp., pocket size (6J in.. by 3I in;, by \ in. 
thick), leather cloth, with rounded qorners. 4s. net. 

Approximate Estimates. By T. E. Coleman. Fourth edi^ 
tion, 481 pp., oblong 32mo, leather* {1914.) 5s. net. 

The Civil Engineers' Cost Book. By Major T. E. Coleman. 

xii + 289 pp., pocket size (6^ in. by-sf in.), leaflier dotii. 
{1912.) 5s. net. ' 

Railway Stores Price Book. By W. O. Kempthome. 

490 pp., demy 8vo. {1909.) 10s. 6d. net. 

Spons' Architects' ^nd Builders' Pocket Price-Book. 
Edited by Clyde Young. Revised by Stanford M. 
Brooks. Fo!rty-first ed., viii + 308 pp., green leather 
cloth. Published annually. (Size 6 J in. by 3! in. by Jin. 
thick.) 2s. 6d. net. 
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Handbook of Cost Data for Contractors and Engjaeers. 
By ti. P- Gillette. 1,854 PP'> crown 8vo, leather, gilt 
edfges. Second ed. (New York, 1914,) £1 is, net. 
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Practical Hints to Young Engineers Employed on Indian 
Railways. By' A. W.C. Addis. 14 illus., 154 pp.* i2mo. 
{1910,) 3$. 6d, fket. 

Up-to-date Air Brake Catechism. By R. H. Blackall. 

Twenty-sixth edition, 5 coloured plates, 196 illus., 305 pp., 
crown 8vo. {New York, 1914,) 8s. 6d. net. 

Prevention of Railroad Accidents, or Safety in RiEdlroading. 
By Geo. Brad^haw. 64 illus., 173 pp., square, crown 8vo. 
{New York, 1912.) 2s. 6d. net. 

Simple and Automatic Vacunm Bralfes* By G. Briggs, 

G.N.R. II plates, 8vo. {1892,) 4s., . 

Permanent -Way Material, Platelaying and Points and 
Crossings, with a few Remarks on Signalling and Inter- 
locking. By W. H. Cole, M.Inst.C.E., Late Deputy- 
Manager,. E. Bengal and N.W. State Railway?, P.W.D., 
India. Cr. 8vo, 288 pp., 44 illus., 7th ed. {1915,) ys. 6d. net. 
Postage:; inland, 3</.; abroad, .6rf.. 

Railway Engineeirs' Field Book. By Major G. R. Hearn, 
R.E., Assoc. Inst. Civil Engrs., and A. G. Watson, C.E. 
i2mo, leather, 230 pj)., sjiUus. {1914.) . 21s. net. Postage : 
inland, ^d', ; abroad, 6d. 

Statistical Tables of the Working of Railways in various 

countriies iip to the year 1904. By J. D. Diacomidis. 

Secotid edition, 84 pp., small folio, sewed. {1906,) i6s. net. 
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:L6coniotive Breakdowns, Emergencies and their Remedies. 

By Geo. L. FQWler,M.E.,and W.W.Wood. Seventh ed., 

' 92 illus., 266 pp., i2mo. {Ndw Ydrk, 1911,) 4s. 6d. net. 

Permanent- wa^ Diagrams.. By F. H. Frere« ^{ounted 
on linen in cloth covers. {190S,) 3s. net. 

. Formulse for Railway Cirossings and. Switches* > By J. 
Glover. 9 illus., 28 pp., royal 32mo. 25. 6d. 
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Settkig out of Tube Railways. By G. M. Halden. 9 plates, 
46 illus., 68 pp., crown 4to. {1914.) los. f>d. net. 

Railway Engineering, Mechanical and Electrical. By 
J. W. C. Haldane. New edition, 141 illus., xx + 583 pp., 
8vo. (1908,) 15s. 

The Construction of tlie Mod«rn Locomotive. By G. 
Hughes. 300 illus., 261 pp., 8vo. {1894,) 9s. 

Practical Hints for Light Railws^rs at Home and Abroad. 
By F. R. Johnson. 6 plates, 31 pp., crown 8vo. {1896.) 
2$. 6d. 

Handbook on Railway Stores Managenient« By W. O. 
Kempthorne, 268 pjp., demy 8vo. {1907.) ios.6d,net. 

Railway Stores Price Book. By W. O. Keniptfiorne. 

490 pp., demy 8vo. {1909.) io«. 6d, net. 

Railroad Location Surveys and Estimates. By P. Lavis. 

68 illus, 270 pp., 8vo. {New York, 1906,) 12s. 6d. net. 

Pioneering. ByF. Shelford. 14 illus., 88 pp., crown 8vo. 
{1909.) 3s. net. 

Handbook on Railway Surveying for Students and Jimior 
Engineers. By B. Stewart. 55 illus., 98 pp., crown 8vo. 
{1914.) 2S. 6d. net. 

Modem British Locomotives. By A. T. Taylor. 100 dia- 
grams of principal dimensions, 118 pp., oblong 8vo. Second 
ed. {1914,) 4s. 6d. net. 

Locomotive Slide Valve Setting. By G. £. Tully. Illus* 
trated, i8mo. is. net. 

The Railway Goods Station. By F. W. West. 23 illus., 
XV + 192 pp., crown 8vo. {1912.) 4s. 6i. net. 

The Walschaert Locomotive Valve Gear. By W. W. Wopd. 

4 plates and set of movable cardboard working models of 
the valves, 193 pp., crown 8vo. Third ed. {New York, 1913.) 
6s. 6d. net. 

The Westinghouse E.T. Air-Brake Instruction Pocket 
Book. By W. W. Wood. 48 illus., including many 
coloured plates, 2^42 pp., crown 8vo. {Neur Y&rk, 1909:) 

8s. 6d. net. 
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MUNICIPAL ENGINEERING 

Valuations. By Samuel Skriiti shire, F.S.I. A Textbook 
. on Valuation applied ta the Sale and Purchase of Frediold, 
Lifdiold,. Copyhold and LefeLsehakJ Property, Assessments 
to Duties linger the Finance (1909-10). Act, 1910, the En- 
franchisement of Copyhold Estate, Assessments for Rating 
Purposes, Ccmipensation on Compulsory Purchase, and 
Valuations for Advances on Mortgage. Demy 8vo, 200 
fully worked examples, 460 pp* (19 i5). los^ 64* net. 
Postage: inland, 5i, ; abro9.d, lod. 

Engineering Work in Public Buildings. By R. 0» Allsop. 

77.illus., ix + ij8 pp., d^ny 4to. {1912,) 12s. 6d. net. 

PubUc Abattoirs^ their I%fming, Design and Equipment. 
By Rl S. Ayling. 33 plates, 100 pp.,- deitiy 4to. (1908.) 
8s. 6rf. net. 

jtevrage Purification* By B. Bail^-t>eiitOfi. 8 pMe% 
44 pp., 8vo. (1896.) 5*. 

Water Supply and Sewerage of Country Meinsioti^ and 
Estate^, By E. Bailey '-Denton. 76 pp., crown 8vo. 
{1901.) 2s. 6d. net. 

Sewerage and Sewage Poriflcatloii. By M. N. Baker. 

, Second edition, 144 pp.y i8mo, boards. {New York, 1905.) 
2s. net. 

Bacteriology of Surface Waters in the Tropks/ By W. 
W. Clemeeha^ ymr{'i6ipp.,Syo. {CakUUa, 1912.) ys.ed. 

, net. 

Housing and Town-Planning Gofiferej^ice, 1913. Being a 
Report of a Conference h^ldby the Institution of Municipal 
and County Engineers at Great Yarmouth. Edited by 
T. Cole. 4^ folding plates, 227 pp., 8vo. 10s. 6d. net. 

Housing and Town Planning Conference^ 19J1* Report 
of Conference held by the Institiition of Municipal and 
County Engineers at West Bromwich. Edited by T. 
Cole, Secretary. 30 plates, 240 pp., 8vo. los. 6d. net. 

Sanitary House Drainage, it$ Principles and Practice. By 
T.E.Coleman. ^ iHnd., 206 pp., crown 8vo. {1896.) 

3s. 6d. net. f ; , , 



42 E. & F. N. SPON, I/ro., 67, HATMARKET, LONDON, S.W. 

Stable Sanitation and Construction. By T. E. Coleman. 

183 illus., 226 pp., crown 8vo. (1897.) 35. net. 

Discharge of Pipes and Culverts. By P. M. Crosthwaite. 

Large folding sheet in case. 2s. 6rf. net. 

A Complete and Practical Treatise on Plumbing and 
Sanitation. By G. B. Davis and F. Dye. 2 vols., 637 
illus. and 21 folding plates, 830 pp., 4to, cloth. (1899.) 
£1 10s. net. 

Standard Practical Plumbing. By P. J. Davies. 

Vol. I. Fourth edition, 768 illus., 355 pp., royal 8vo. 
(1905.) 7s. 6d. n^t. 

Vol. II. Second edition, 953 illus., 805 pp. (1905.) 
Xos. 6d. net. 

Vol., III. 313 illus., 204 pp. (1905.) 55. net. 

Conservancy, or Dry Sanitation versus Water Callage. 
By J. Donkin. 7 plates, 33 pp., 8vo, sewed. (1906.) is. 
net. 

Sewage Disposal Works. ByW. C. Easdtde. 160 iQus., 
264 pp., 8vo. (1910.) 10s. 6d. net. 

Ppuse Drainage and Sanitary Plumbing. By W. P. 
Gerhard. Eleventh ed-, 6 iUus., 231 pp., i8mo, boards. 
(New York, 1905.) 2s. net. 

The Treatment of Septic Sewage. By G. W. Rafter. 

137 pp., i8mo, boards. Third ed; (Niew York, 1913.) 
2s. net. 

. Reports and Investigations on Sewer Air and Sewer Ven- 
tilation. By R. H. Reeves. 8vo, sewed. (1894.) is. 

Sewage Drainage Systems. By Isaac Shone. 27 folding 
plates, 47 illus., 440 pp., 8vo. (1914.) 25s. net. 

Drainage and ^Drainage Ventilation Methods. By Isaac 
Shone; C.E. 7 folding plates, 36 pp., 8yo, leather. 
(1913.) 6s. net. 

The Law and Practice of !Paving Private Street Works. 
By W. Spinks. Fourth edition, 256 pp., 8vo. (1904.) 
12s. 6d. net. 
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TELE<?RAPH CODES 

r^ew business Go4e^f 320 pp., narrow 8vo. , ^ze 4i iiv by 
7| iri. and \ iij. .thicks arid weight* io oz.) {New Yprk, 1909?) 
/i IS. net. 

Mlin^ts* and Smelters' Code (formerly issued as the Master 
•Telegraph Code). 448 pp., 6vo, limp leather, weight 
14 oz. {New York, 1899.) £2 10s, net. 

General Telegrapi^ God;e. Conipited bv the Business Code 

Co. 1,023 pp., sniaD 4t6, with cut side index for ready refer- 
ence. {New York,. 1912,) 63s. net. Postage: inland, 
6d. ; abroad,, is. 4^. 

Billionaire Phrase Code, containing over two milHon sen- 
tences coded in single words. 56 pp., Svo, leather. {New 
York, 1908.) 6s. 6d. net. 

WARMING AND VENTILATION 

Hot Water Supply. By F. Dye. Fifth edition, new impres- 
sion, 48 iUus., viii + 86 pp., 8vo. {1912.) 3s: net. 

A Practical Treatise upon Steam Beating. By F, t)ye. 

129 illus., 246 pp., 8vo. {1901.) los. net. 

Practical Treatise on Warming Buildings by Hot Water, 
By F. Dye. 192 illus., 319 pp., 8vo. {1905.) 8s.6rf.net.' 

Charts for Low Pressure Steam Heating . By J . H. ^nealy • 

&iall foKo. {New ' York.) 4s. (d. ' 

Formulae tod Tables for Heating. By J. H. Kinealy. 

18 illus., 53 pp., 8vo. {New York, 1899.) 3s. 6d. 

Centrifugal Fans. By J. H. Kinealy. 33 lUus., 206 pp., 
fcap. 8vo, leather. {New York, 1905.) 12^. 6d: net. 

Mi^fatolcal Draft. By J. H. Kinealy. ;?7 original tables 
and 13 plates, 142 pp., trowti 8vo. {New York, 1906) 
. •,8&*6rf. net. .•.:'•■....■: 

Tlieory and Practice of Centrlfmal Vetttilatiiig Machines. 
By D. Murgue. . 7 iflus., 81 pp.^ 8vo. {1883.) 5s. ' 

Mechanic of VeHtilationV By G. W. Rbfiee#« Third 

ed., 143pp., i8mo, boards. .{New York, 191?.). 2ftnit. 

Bfi«}Qiplefi of Heatfaig.^ By Wi &. Snow. Nmv edition/ 5$ 
illus., xii + 224.PP.V 8vo. {New Yorh,\19^2^) qs^ net. 
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Furnace Heating. By W. G. Snow. Fourth edition, 52 
illus., 216 pp., 8vo. {New York, 1909.) 6s. 6d. net. 

Ventilation of Buildings. By W. G, Snow and T. Nolan. 

83 pp., iSmo, boards. {New York, 1906.) 2s. net. 

Heating Engineers' Quantities. By W. L. White and G. M. 
White. 4 plates, 33 pp., folio. {1910.) los. 6d. net. 
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Potable Water and Methods of Testing Impurities. By 
M. N. Baker. 97 pp., iSmo, boards. Second ed. {New 
York, 1905.) 2s. net. 

Manual of Hydrology. By N. Beardmore. New. impres- 
sion, 18 plates, 384 pp., 8vo. {1914.) 10s. 6d. net. 

Boiler Waters, Scale, Corrosion and Fouling. By W. W. 
Christie. 77 illus., 235 pp., 8vo. {New York, 1907.) 
12s. 6d. net. 

Bacteriology of Surface Waters in the Tropics. By W. W. 
Clemesha. 12 tables, viii + 161 pp., 8vo. {Calcutta, 
1912.) 7s. 6d. net. 

Water Softening and Purification. By H. Collet. Second 
edition, 6 illus., 170 pp., crown 8vo. {1908.) 5s. net. 

Treatise on Water Supply, Drainage and Sanitary Appliances 
of Residences. By F. Colyer. 100 pp., crown 8vo, 
{1899.) IS. 6d. net. 

Purification of Public Water Supplies. By J. W. Hill« 
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